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ABSTRACT 
The field area of this study extends over most of northern 
Kincardineshire, the corners being marked by Aberdeen, Banchory, 
Edzell and Stonehaven. Within this area lie the Highland Border 
Series (HBS) and Dalradian schists; which have been metamorphosed to 
sillimanite gneiss grade, multiply deformed and intruded by numerous 
granitic and basic bodies. 
The Dalradian stratigraphy has been divided into two principle 
units - the Skatie Grits which lie structurally above the Downies 
Pelites - which have been traced westwards; into the right way up 
Southern Highland Group stratigraphy in Glen Esk and Tarfside. 
Because of large faults along the valley of the Dee no correlations 
have been made to the north or north-west. 
A detailed structural sequence, consisting of 6 episodes, has 
been established for the coastal section of which 4 episodes have 
been traced inland to Glen Esk, and are thus correlated with the 
regional Dalradian structural sequence. The major structures are a 
primary nappe, suggested to be a complex structure formed by the 
first three episodes, and the antiformal structure of the Highland 
Border Downbend, which divides the area into a northern belt of 
shallow dips and a southern belt of steep dips. The apparent 
continuity of the stratigraphic succession established at the coast 
into the Tarfside region suggests that the nappe is part of the 
upper limb of the Tarfside Nappe; whilst the remarkable similarity 
of the structural succession of the coast with that in central 
Perthshire suggests it is part of the structurally higher Tay 
Nappe. Of the two models the correlation with the Tarfside Nappe is 
thought to be the most likely. 
The liES is preserved as lensoidal bodies along the HBF zone, 
which separates the Dalradian from the Devonian - Carboniferous of 
the Midland Valley. It has been divided into two units, the Jasper 
and Greenrock Series (JGS), which has all the elements of an 
ophiolite except a sheet dyke complex, and the Margie Series of 
immature, clastic, sialic sediments, including reworked limestones. 
Both units have suffered essentially the same multiple deformational 
history without any correlation with the Dalradian deformation until 
the regional Dairadian 04, at which point the JGS and Dalradian were 
juxtaposed. It is suggested that the origin of the UBS is related 
to a back arc basin of Arenig age that was developed to the north of 
the closing Iapetus ocean and was thrust onto the Dairadian as the 
Iapetus subduction continued. 
The investigation of the metamorphism is confined to the 
coastal section because inland the lack of exposure prevents a close 
examination of the isograds. The zonational sequence at the coast 
(biotite - garnet - chloritoid - staurolite - sillimanite - 
andalusite), termed the Stonehavian sequence; appears to be 
intermediate; in terms of PT conditions, between the Barrovian 
terrain to the west and the Buchan to the north. An examination of 
the PT conditions using published calibrations of exchange reaction 
thermo-barometers suggest a temperature range from 500°C (Chloritoid 
zone) to 640°C (Nigmatite zone), whilst pressure throughout is in 
the order of 4 to 5.5 Kbars. Only the petrogenisis of the 
Chloritoid zone and the production of sillimanite are considered in 
any detail. In general all the porphyroblasts were developed pre 03 
except for sillimanite which is argued to have developed post 03. 
This thesis has been divided into two volumes 
Volume 1 
Structure and Stratigraphy 
Chapters 1 through B 
Volume 2 
Metamorphism and Appendices 
Chapters 9 through 13 
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CHAPTER 1 
Oéñéä1 iñ€tàdüãtiàñ 
The area examined during this study lies in the south-eastern 
corner of the Scottish Dalradian ouitrop and covers an area of 
some 453 sq. km . The boundary of the area and major localities are 
shown in Figure 1:1. The boundary runs along the coast from 
Stonehaven to Aberdeen and then inland, along the River Dee, to 
Banchory. From Banchory the boundary runs south-westwards to the 
mouth of Glen Esk near Edzell, and from there, eastwards along the 
Highland Boundary Fault zone, to return to the coast at stonehaven. 
The disposition of the various geological units which make up 
this area and some of the more important structures are delineated 
in Map 1 (see pocket inside back cover). The bulk of the area is 
composed of schists, which are traditionally regarded as being part 
of the Southern Highland Group (the Upper Dalradian). These schists 
have been multiply deformed and metamorphosed from chlorite 
(greenschist) to sillimanite (upper amphibolite) grade. Various 
granitic bodies occur within the area, some of which predate the 
later stages of deformation. The majority, however, including the 
largest, the Kincardine Granite (which makes up the bulk of the 
west-central portion of the area), postdate the deformation. The 
southern boundary of the area is marked by the Highland Boundary 
Fault (Es?) zone, a major tectonic lineament which runs across 
Scotland from $tonehaven to Arran and separates the Dalradian 
Highlands from the Upper Palaeozoic sediments of the Midland 
Valley. Within this fault zone lie tectonically bounded slivers of 
ophiolitic and sialic, turbiditic material which together comprise 
the Highland Border Series (Has). These rocks have been 
metamorphosed in the greenschist facies and have also suffered 
multiple deformation, though only the later phases of the Dalradian 
and HBS sequences appear to correlate. 
MW 
The whole of the field area has been mapped on a scale of 
1:50,000 with certain areas of particular interest, namely the 
entire coastal section, a small area at the southern end of Glen Esk 
and the area of the Craig of Affrusk near Banchory, also mapped on a 
scale of 1:10,000. where even more detailed mapping was required, 
i.e. along the coast between the Highland Boundary Fault and Limpet 
Burn and the outcrop of the North Margie Unit in Glen Esk, 1:2,500 
maps were used or 1:200 maps were constructed. The areas mapped at 
these various scales are delineated in Figure 1:1. 
within the field area the degree of exposure is extremely 
variable, and broadly determined the varying scales of mapping. The 
coastal section has continuous exposure but inland, with the 
exception of some areas along the south side of the River Dee, 
various stream sections to the south of the Kincardine Granite and 
the southern part of Glen Esk, exposure is poor and Widely scattered. 
For simplicity this thesis has been divided into two general 
sections. The first details the structural and stratigraphic 
evolution of the Dalradian and the Highland Border Series and 
considers the relationship between these two units. The second 
deals with all aspects of the metamorphism, from the relative ages 
of the minerals and their chemistry to speculations on the 
conditions of metamorphism in the area. A detailed summary of the 
relevant previous work, the initial objectives and the principal 
results of this study, are to be found in the introductory chapters 
to each of these sections. 
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CHAPTER 2 
introductionto the Structural and Stratigra~hic Section 
2:1 sfià€igàh' 
The term 'Dairadian' cones from nalradia, the ancient 
Celtic kingdom which ranged over most of the outcrop of this 
supergroup in Scotland and Ireland. The term was coined by 
Geikie (1881) to refer to a supergroup of diverse lithological 
nature (Harris & pitcher 1975), containing meta-sedimentary and 
meta-igneous lithologies of Late Precambrian and Cambrian 
ayes. Figure 2:1 shows the outcrop of the Dalradian in 
Scotland and the presently accepted limits of its lithologica]. 
groups. The total sFro+i3rbphic thickness of the Dalradian is 
estimated (Harris & Pitcher 1975) to be in the order of 25km 
(not including any elements that may have been completely 
removed by erosion). 
Because fossiliferous material or other time constraints 
are rare within the Dalradian, its subdivision is based on 
litho-stratigraphic correlations and the outcrop of a few 
distinctive marker horizons. The division most popularly used 
at the present time is that proposed by Harris & pitcher (1975) 
which divides the Dalradian into the Southern Highland Group 
(SHG) [Upper Dairadian], Argyll Group [Middle Dalradian] and 
Appin Group [Lower Dalradian]. 
The boundary between the SHG and Argyll Group is 
considered to be marked by a limestone horizon (the Loch Tay, 
Tarfside and Deeside Limestones) which has been correlated 
across most of the outcrop of the southern Dairadian (Rast 
1963, Kniell 1963, Johnstone 1966, Harte 1979) and forms part 
of the Tayvallich Formation. The total thickness of the SHG as 
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There is little work in the literature that deals 
specifically with the stratigraphy of this field area. Barrow 
(GS 1" sheets 66, 67-1904) proposed a lithostratigraphic 
division such that the southern portion of the area, best seen 
at the coast, consists of a grit dominated unit with, to the 
north, a pelite dominated unit. Along the northern edge of the 
Kincardine Granite, around Banchory, Barrow (op.cit.) 
recognised several limestone outcrops but was unable to trace 
this horizon any further west than Kirkton of Durris. 
The earliest attempt to assign these lithological units 
to any regionally corelated stratigraphic sequence was 
undertaken by Anderson (1942). He concluded that the grit unit 
recognised by Barrow was the equivalent of the Ben Ledi Grits 
of Perthshire and that the underlying pelitic unit, which in 
Glen ask he considered could be shown to be older than the 
grits, was probably the equivalent of the Pitlochry Schists, 
though on this point he was tentative. Thus he thought that 
the rocks within this area were part of the Upper Dalradian or 
SHG. This correlation was supported by Shackleton (1957, see 
plate 30). 
Barrow (1893, 1912) considered the Deeside Limestone to 
be the equivalent of the Tarfside Limestone. Read (1928) 
correlated the Deeside and Loch Tay Limestones but argued 
against any correlation of the Tarfside and Loch Tay Limestones 
on the grounds that there is • a continuous westward dip of 
bedding from Perthshire to Tarfside with no apparent reversal 
in younging and hence the limestones had to be at different 
stratigraphic levels. Harte (1980) showed that there is a 
major reversal in the direction of younging between Tarfside 
and Perthshire, thus removing the objections of Read (1928) to 
the correlation of the Loch Tay and Tarfside Limestones. 
The state of the stratigraphic knowledge of the Eastern 
Dalradian at the start of the project raised several important 
questions: - -
The Deeside Limestone, which marks a major stratigraphic 
boundary, had been traced as far east as Kirkton of 
Durris. Could the limestone outcrop be extended to the 
coast? If not, could a reliable way be found to define 
the $HG/Argyll Group boundary in the absence of 
limestones? 	In particular, are the abundant and 
apparently stratigraphically restricted outcrops of 
amphibolite at Cove Harbour (which it had been suggested 
(Harts, pers. comm.) separated two distinct lithological 
units) the equivalent of the Deeside Limestones? 
If this major boundary cannot be traced to the coast, is 
there some tectonic feature that truncates its outcrop? 
Because there are breaks in the outcrop of the grit unit, 
which Anderson showed to lie adjacent to the Highland 
Boundary Fault, can it be taken as a single continuous 
stratigraphic horizon? 
Anderson and Shackleton disagreed about the way-up of the 
coastal section, and on whether the pelites lay 
structurally over or under the grits. 	Is there any 
sedimentary or stratigraphic evidence as to the true 
way-up? 
2:2 8tiucture 
Although Barrow noted on his original field slips that 
the schists of the coast were 'much contorted and folded', it 
was not until Anderson (1942, 1947) that any attempt was made 
to analyse the structural history of this area and to compare 
it with the rest of the Dalradian outcrop. Within the area he 
examined two sections in detail, those of the River North Esk 
close to the 11SF and the coast. In both sections he concluded 
that the grit unit occupied the core of a large synform and 
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that pelitic outcrops which occur near the NB? represented 
infolds of a major pelitic unit which lay. under, and cropped 
out to the north of the grit unit. 
During his survey of the Dalradian adjacent to the NB? 
across Scotland, Shackleton (1957) recognised a large 
antiformal structure which he traced to the coast at Stonehaven 
(commonly referred to as the Highland Border Downbend or simply 
the Downbend). Whilst he agreed with Anderson that at the 
coast there were infolds of the pelitic unit within the grit 
unit, he concluded that these were synformal anticlines. His 
interpretation of the gross structure at the coast, which was 
contrary to that of Anderson, is shown in Figure 2:2 where both 
interpretations are compared with that arrived at during this 
study. He noted that the cleavage associated with these folds 
(now known to be Si) was always downward facing. From this he 
argued that the earliest structures, and consequently the 
stratigraphy, were downward facing, opposite to the upward 
facing interpretation of Anderson. 
Since Shackleton (1957), the only published work on the 
structures of the coastal section has been that of Phemister 
et. al. (1960) who described only two sets of structures - 
namely early folds close to the NB? and those associated with 
the Downbend. They confirmed that the early structures are 
downward facing but disagreed with the interpretation of 
Anderson and Shackleton that the cores of the early anticlines 
were characterised by pelitic material. 
stringer (1957) in an unpublished Ph.D. thesis examined 
several sections across the southern margin of the Dalradian 
Highlands which included the Stonehaven - Aberdeen coastal 
section. He established a multiple deformational structural 
sequence that consisted of four episodes which he was able to 


















ROl BOOTH— this study 
FIGURE 2:2 A comparison of the structural cross-sections for the coast 
proposed by Anderson (1942), Shackleton (1957) and Booth (this study). 
HBF - Highland Boundary Fault; HBS - Highland Border Series 
ORS - Old Red Sandstone (unconformable on FIBS) 
Traditionally, the field area has been considered to be 
part of the inverted limb of the Tay Nappe (Shackleton 1957; 
Harris & pitcher 1975). However, the recognition by Harte 
(1979) of a structurally lower nappe, the Tarfside Nappe, 
separated from the Tay Nappe by an early developed slide zone, 
the Glen Mark Slide outcropping in Glen Esk, casts doubt upon 
the traditional view. 
The previous investigations of the structural history of 
the field area and surrounding areas suggested several projects 
worthy of closer examination: 
1) could elements of the structural sequence which was to be 
established at the coast be traced inland, across poorly 
exposed ground, to Glen Esk or north of the River Dee to 
Aberdeenshire and Banffshire, where detailed structural 
sequences had been established? 	Thus providing a 
regional correlation for the coastal sequence. 	The 
structural sequences of Banffshire and Perthshire are 
difficult to correlate (Johnstone 1966) and it was hoped 
that a link might be provided through this field area. 
Is it possible to make any correlations between the 
structural sequences developed in the 1135 and the 
adjacent Dalradian? 
As the coastal section is one of a few well-exposed 
sections through the southern Dalradian, could some 
insight be gained into the devel opment of the fold nappe 
which was supposed to dominate the structure in this 
area? In particular was there evidence concerning the 
transport mechanism and the direction/distance of 
translation? 
Does the field area lie within the Tay or Tarfside Nappe 
structures? 
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2:3 i1ihláñdàd6±Sétiéà 
Barrow (1901) recognised the occurrence of a distinctive 
group of lithologies which occur as tectonic slivers within the 
Highland Boundary Fault Zone. These he named the Highland 
Border Series and speculated that they were of Arenig age. 
Campbell (1912) and Jehu & Campbell (1917) described a sparse 
inarticulate brachiopod and bivalve fauna from the Stonehaven 
outcrop of the HBS and concluded that it was indicative of an 
Arenig age. This view was challenged by officers of the 
Geological Survey (Summ. Prog. Geol. Surv. G.B. 1962-3) which 
considered the fauna to be distinctive of the Lower Palaeozoic 
only. Recently Curry et. al. (1982) examined an assemblage 
from the HBS in Perthshire and concluded that this demonstrated 
a firm Arenig age. 
Johnson & Harris (1967) examined the UBS and the adjacent 
Dalradian in Glen Esk in some detail and concluded that the 
complex deformational sequences that were developed in all 
units were directly correlatable, thus requiring a synchronous 
and adjacent deformation of the HBS and Dalradian. 
During the last 15 years there have been a number of 
theses on the evolution of the HBS/HBF but these contain only 
minor reference to this field area and are dealt with in 
Chapter 6. 
The outstanding questions concerning the HBS that are 
prompted by the previous work relate to its evolution. Most of 
the published models are of a regional extent within which the 
aBS is only a small and relatively insignificant part. This is 
probably due to the paucity of information available of the 
structures and lithologies within the HBS and its relationship 
to the adjacent Dairadian. It was hoped that it might be 
possible to gather more information from the string of HBS 
outcrops within this area and that this would allow for a 
significant improvement in, or at least provide limiting 
criteria for models of the evolution of the HBS. 
2:4 Basic Definitions 
2:4a £i€hólb'iès 
PSAMMITE 	This is a field term applied to the metamorphosed 
equivalent of an arenaceous rock. The main 
constituents are quartz and feldspar with a 
limited amount of mica. Within this field area 
psaminites almost always carry a strong pressure 
solution cleavage. 
QUARTZITE 	This lithology is composed almost entirely of 
quartz with a small amount of feldspar, and in 
those 	lithologies 	that 	lie compositionally 
towards psammites, a little mica. The term 
feldspathic quartzite is applied to a lithology 
which has a conspicuous amount of feldspar but no 
mica. 
GRIT 	 The term grit is used widely in the literature on 
Highland rocks but its definition varies widely 
between authors. However, as its common usage 
implies, it is a useful field term and the 
general consensus of workers in the Dalradian 
today tends to focus on the definition used by 
Anderson (1947, p483) of a "quartzose greywacke" 
with the provision that some aspects of the 
original clastic nature of the rock can still be 
detected. Thus, with increasing metamorphic 
grade and recrystallisation, it is possible for a 
rock to lose its original gritty texture with 
recrystallisation and become a psaminite. The use 
of the term gritty psammite is common as many 
rocks display characteristics between those of 
the two endmember lithologies. 
MIM 
PEBBLY 	The adjective pebbly is frequently employed when 
describing psammitic or gritty lithologies which 
contain conspicuous detrital grains of over 3mm 
in diameter. 
PELITE 	This is the metamorphosed equivalent of an 
argillaceous rock. It is composed dominantly of 
micas with minor amounts of quartz and 
feldspar. Depending on the metamorphic grade it 
often contains garnet, chioritoid, staurolite 
and aluminosilicate polymorphs. In cases where 
there is a significant amount of feldspar, 
giving the rock a distinctive cream spotted 
appearance, the term feldspathic pelite is 
applied.. 
SEMI-PELITE 	This is a bucket term designed to cover those 
lithologies that fall compositionally between 
pelite and psammite. The divisions between 
psammmite and semi-pelite, and pelite and 
semi-pelite are not distinct. 
CALC-SILICATE: This term is applied to those siliceous 
lithologies that contain a significant amount of 
calcite and/or Ca-silicates, such as grossular, 
epidote and tremolite, and commonly small 
amounts of mica. Few of these rocks contain 
more than 10% calcite. 
LIMESTONE : 	This term encompasses a wide variety of 
compositions all of which contain large amounts 
of calcite, frequently>75%. These lithologies 
often contain important, though minor, amounts 
of Ca-silicates together with micas. The 
boundary between this and the calc-silicate 
group is indistinct. 
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AMPHIBOLITE : A lithology composed largely of amphiboles, 
usually hornblende, with minor amounts of 
plagioclase and more rarely biotite and/or 
garnet. This is used as a field term and has no 
genetic implications. 
2:4b eoitha€ióna1 Sequence Nomenclature 
There is exposed within the field area a complex sequence 
of folds, cleavages and lineations. A convenient way of 
analysing these structures is to simplify the sequence by 
dividing it into temporarily distinct packets, or deformational 
episodes, within which are placed all the folds, cleavages and 
lineations produced by each particular episode of deformation. 
The methods used to effect this division include mutual 
interference patterns and microstructural analyses (well 
explained by Ramsay, 1967). 
In order to catalogue the deformational sequence that is 
generated by such a division each element is given a 
descriptive letter, according to its type, and a number which 
indicates its relative age within the sequence. Thus: 
Deformational episodes are termed Dl, 02, 03 . . . with 
the earliest episode being ranked 1 and the others in 
subsequent chronological order. 
Fold episodes are termed Fl, F2, P3 . . . with the Fl 
folds belonging to the Dl episode, F2 to D2 etc.. 
Cleavages, schistosities and foliations are termed Sl, 
32, s3 . . . with the 31 cleavage belonging to the Dl event, 32 
to 02 etc.. 
Lineations are termed Ll, L2, L3 . . . with the 1.1 
lineation belonging to the Dl event etc.. 
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in many of the early attempts to use such descriptive 
sequences the workers stuck rigidly to the thesis that the 
first identifiable foliation should be termed Si. They 
therefore, defined bedding as S1 and the sequence thus became 
awkward and less aesthetic since the first cleavage was termed 
52 and allocated to the Dl event, 53 to D2 etc. • It is much 
simpler to term bedding SO. The sequence employed in this 
thesis is as follows: 
SO = bedding 
Dl = first deformational episode - including Fl, Si and Ll. 
D2 = second deformational episode - including F2, S2 and L2 
etc.. 
During the course of this study it was found that some 
schistosities were composite, being produced by the effects of 
several deformation episodes. Such fabrics are termed Sc - 
composite schistosity. If the elements that make up such a 
cleavage can be identified then the Sc can be further qualified 
by the addition of Sc-Sl/S2 (a composite cleavage containing S1 
and 32 components). 
It is unfortunately necessary to define both the 
regionally applicable structural sequence and the localised 
sequence, which may contain several episodes which have no 
regional equivalents, in terms of Dl, D2, D3 etc.. Thus, when 
correlating deformational sequences between widely separated 
areas it may be the case that in one area a particular episode 
is termed D2 whilst in another it is termed D3. This can lead 
to confusion, particularly when comparing the work of different 
authors. For this reason it is proposed that when referring to 
a local sequence the prefix D will be used but when referring 
to the regional sequence the prefix RD - regional deformation - 
will be used. For example, the major Downbend structure which 
can be traced right across the Southern Highlands is an RN 
structure whilst at the coast it is a D5 structure. 
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2:4c dlêáâ'êS 
The state of cleavage terminology within the literature 
is often confusing and contradictory. The same term is 
frequently used by different authors to describe different 
types of cleavage, conversly the same type of cleavage can have 
several different terms. To avoid such confusion the basic 
cleavage terminology used in this thesis is defined below: 
These definitions are purely descriptive and whilst some 
of the terms used may imply something about the genesis of 
these fabrics no attempt will be made to enter into the complex 
discussions that rage on cleavage formation. 
MICA SCUISTOSITY 	A fabric restricted to pelitic lithologies 
and defined by the strong alignment of biotite, muscovite and 
occasionally chlorite plates. 
GRAIN ALIGNMENT CLEAVAGE : A fabric defined by elongate, 
flattened and aligned quartz and feldspar grains with 
mica/chlorite plates which are usually poorly aligned with or 
wrapped around these grains. 
PRESSURE SOLUTION CLEAVAGE : A spaced cleavage taking the form 
of thin micaceous planes separated by broader quartz and 
feldspar rich lithons. This cleavage can be further defined as 
planar, where the mica planes are parallel to each other; or 
ramifying, where the planes branch and join every few 
centimeters. 
CRENULATION CLEAVAGE : The definitions used in this thesis are 
those of Gray (1977). 
Discrete - "In the hand specimen these cleavages appear as 
fine, dark subplanar surfaces or sharp discontinuities in the 
rock. Associated microfolding is not always readily 
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recognisable with the naked eye. In thin section . . . thin, 
dark, smooth and regular or undulating and irregular linear 
traces which commonly anastamose. The cleavages . . . are seen 
to envelope tabular domains of spacially associated 
microfolding of the pre-existing fabric." The original fabric 
is truncated by the discrete cleavages and is, therefore, 
discontinuous against the cleavage surface. 
Zonal - "corresponding to dark micaceous zones along the limbs 
of the microfolds alternating with paler intervening lenses. 
They are associated with a distinct microfolded fabric visible 
to the naked eye in the hand specimen. In thin section . 
lenticular to laminar micaceous domains which are lengthwise 
discontinuous. 	The limits of the domains are somewhat 
arbitrary as there is usually a complete gradation of fabric 
between domains. The pre-existing fabric is continuous through 
the cleavage." 
SEGREGATION CLEAVAGE 	A spaced cleavage consisting of thin 
ribs or seams of quartz or white mica. 
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2:4d Facing of Folds and Cleavages 
Despite the classic and definitive work of Shackleton 
(1957) there is still some confusion in the literature over the 
use of the term facing in connection with folds and cleavages. 
The methods of usage employed in this thesis are outlined below: 
"A fold faces in the direction normal to its axis, along 
the axial plane, and towards the younger beds' (Shackleton 
1957, p363). 
Thus, in horizontally plunging folds there are four basic 
types: 
Anticlina 
S y n form 
-C 
Synclinal 
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With reciincci - 	folds it is convenient to refer 
to the direction of closure and facing with reference to points 
of the compass: 
North 
0 	
Southward facing A 
Northward closing 
0 	 syncline 
Southward facing 	0 	 a 
Southward closing 
anticline 
The direction of facing of a cleavage can be defined as 
the direction of movement when tracing a cleavage plane, in a 
section normal to both the cleavage and bedding, from the base 
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2:4e äéddiñVéèüàti€hà1àiààlàñdiñ 
One of the first priorities when working in multiply 
deformed and metamorphosed terrains is to establish whether 
what appears to be bedding is in fact a sedimentary feature or 
a tectonic/metamorphic induced layering. Within the field area 
there are several lines of evidence that suggest that the 
obvious lithological banding is of sedimentary origin. 
At several places, notably along Skatie Shore and 
perthumie Bay, but also (though much more rarely) in the 
northern part of the section, where this problem might be 
considered to be more pressing because of the higher degree of 
deformation and metamorphism, there is graded bedding, 
frequently involving pebbles, and rarely load casting. These 
features are undoubtably of sedimentary origin and the beds 
involved can be traced continuously for some distance. 
The early (51) cleavage can be seen to cut the 
lithological banding. Since the peak of metamorphism occurred 
post the D3 event it is considered unlikely that segregation 
could have taken place before Dl on a scale large enough to 
mimic bedding, thus providing metamorphic banding to be cut by 
Si. 
Whilst psammite, semi-pelite and pelite beds are almost 
certainly of sedimentary origin the same cannot be said of 
calc-silicates. There are two types of calc-.silicate bands 
present in this area; the first type are continuous, often 
traceable for 30 to 40m, and frequently 50cm thick. They lie 
parallel to the psammite and pelite beds and their boundaries 
are cut by the 51 fabrics. It is difficult to imagine the 
massive segregation necessary to produce them taking place 
pre-Dl but they could have been produced during the diagenesis 
of these rocks. The second type of bands are discontinuous and 
pod;4,rrin nature. Their boundaries are cut by the S1 fabric but 
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unlike the continuous type it is conceivable that pre-Dl 
segregation could have been responsible for their genesis, or 
at least enhanced their distinction from the surrounding 
lithologies by the improvement of a calcareous psammite into a 
calc-silicate. 
2:5 dddéfé±eñces 
Grid references are given in the text to 6 figures, the 
preced;n3 national grid letters are not included; throughout 
the area these are NJ. 
2:6 	éàiiñèñ &üñthérè 
The specimen numbers given in the text and the appendices 
are the field collection numbers. The reference number from 
the catalogue of the rock collection at the Grant Institute of 
Geology, University of Edinburgh, where a representative suite 
of rocks and thin sections are lodged, is, in some cases 
different from the field collection numbers. Appendix C 
contains a list of all the specimens for which thin sections 
were made and a cross reference between the field collection 




3:1 coastal section 
As is outlined in Chapter 4 the major RD4 structure, the 
Dowobend, divides the area into a steep dipping belt in the 
south and a flat dipping belt in the north. Throughout the 
flat belt bedding dips gently south so that the structurally 
lowest portion of the lithological succession is exposed at the 
no*thern end of the coastal section. Although the beds of the 
steep belt have been inverted relative to the flat belt by the 
R04 Downbend, the effects of this folding can be removed and 
the structurally highest portion exposed is shown to be that 
which outcrops adjacent to the HBF. 
The lithological succession can be divided into three 
distinct units: the Skatie Grit, Downies Pelite and cove 
Units. The general characteristics of each unit and the 
transitions from one to another are described below. The terms 
top, bottom etc. refer to the structural positions within these 
units and are not meant to have any stratigraphic significance. 
3:1a Ska€ièdi€tJñit 
This extends from the HE? to clochindare and is thus the 
structurally highest unit seen. It is a succession dominated 
by psammitic grits with comparatively little pelite but locally 
abundant calc-silicates. 
The psammitic grits are frequently graded, particularly 
at the top of the unit. No quartzites are seen. In the upper 
part of the unit the grits are commonly pebbly but such beds 
are rare in the middle and absent at the base. Blue quartz 
clasts are common throughout most of this unit and are 
particularly notable, along with pink feldspar clasts, in the 
pebble beds. 
- 19 - 
The psammite beds are frequently lm thick at the top of the 
unit but become thinner towards the base, where they are 
generally 50cm thick. 
- Pelite is subordinate, usually 5% of the rock volume, and 
is thinly bedded (<50cm).  Around Red Man (1km north of the 
118?), however, pelitic and semi-pelitic material is much more 
abundant and from Red Man to the 118? there are occasional 
pelite bands, up to Sm thick, which are markedly lensoidal and 
laterally impersistent. The pelites are generally black and 
biotite rich, though occasionally, some have a purplish tinge 
which may be due to biotites with a higher Mg content. 
Thin beds of haematite rich schist are sparsely 
distributed throughout this unit but are perhaps more common in 
the upper portion. At both Tilly Daff and Tilly Tennant, in 
the middle of this unit, there is a lOin thick band of haematite 
schist and associated chloritic schists (these may well be the 
same band repeated by isoclinal folding). These bands, 
referred to as the knobbly 'cordierite' schists, contain large, 
cobble size porphyroblasts that are probably cordierite (this 
point is dealt with in more detail in chapter 9). 
caic-silicate beds are common, and locally very abundant 
throughout the unit, except in the upper portion to the south 
of Hall Bay, where they are very rare. They are invariably 
continuous, frequently being traceable for many tens of metres, 
and range in thickness from a 1cm to 30cm. The tops and 
bottoms of the beds always have sharp contacts. They generally 
wedge out laterally but can grade rapidly over 1-2cm into the 
surrounding lithologies. Occasionally the end of a bed may 
split into several laterally impersistent seams, commonly the 
beds are banded with layers rich in either amphibole or 
epidote, usually with the amphibole rich layers restricted to 
the margins of the bed, but frequently there are thin, 
discontinuous seams throughout. It is possible that this 
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banding may, in many cases, represent original sedimentary 
layering, but metamorphic segregation has undoubtedly enriched 
many, and possibly produced, some of these bands. 
Whilst true calc-silicates are rare to the south of Hall 
Bay there is sometimes up to 20% molar volume of carbonate 
disseminated in semi-pelitic and psamniitic lithologies, though 
such rocks are not obviously calcareous in the field. This 
dissemination of carbonate is rarely seen to the north of 
Limpet Burn. 
3:1b DôwnIèS pe].ite Unit 
This unit extends from Clochindare to just south of the 
Cove Granite. It is an intimate association of pelite, semi-
pelite and psammite in roughly equal proportions, although the 
relative amounts vary locally. 
The psammites are generally more micaceous and less 
feldspathic than those of the Skatie Grit Unit and locally 
approach a quartzitic composition. Only two pebble beds have 
been found in this unit. When interbedded with pelite and 
semi-pelite the psammites are rarely 50cm thick. Throughout 
the unit however, there are a number of lensiodal bands between 
lOm and 50m thick (in which the beds are frequently lm thick), 
composed almost entirely of psammite with thin, discontinuous 
calc-r ibs. 
Blue quartz is absent, even in pebble beds, except for in 
a few psanimitic bands just below the boundary with the Skatie 
Grit Unit. 
The pelites are generally silvery or silvery-green, 
reflecting abundances of muscovite and feldspar respectively. 
Black, biotite rich varieties are only found locally, 
especially near the boundary with the Skatie Grit Unit, where 
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they can be the dominant type. Thin haematite-rich pelitic 
beds are sparsely distributed throughout this unit. 
semi-pelites are variable in composition and locally can 
be notably feldspathic. Calc-silicates are rare and tend to be 
concentrated in the psamrnitic lenses. They are discontinuous, 
lenticular pods, never more than 1-2m long and 10cm thick. 
These beds tend to have distinct tops and bottoms but they 
grade laterally into the surrounding lithologies. They are 
commonly more siliceous than those in the Skatie Grit Unit and 
have silica and ca-rich bands that presumably reflect original 
sedimentary characteristics. Frequently the edges of the beds 
are marked by thin amphibole rich seams. Near the top of the 
unit caic-silicate beds are common, but here too 
they are discontinuous, lenticular pods less than 2m long and 
15cm thick. These beds tend to be more amphibole rich and 
epidote poor than those found lower down in the unit but this 
may be a metamorphic rather than a compositional effect. 
3:lc trañài€iôñfidth Dowries Pelite to Skàtie Grit Unit 
The boundary between the Skatie Grit Unit and the 
underlying Dowiiies Pelite Unit occurs across clochindare. Here 
there is a 150m section of the cliff that is inaccessible but, 
with the low angle in the dip of bedding, the actual vertical 
portion of the succession that cannot be examined directly is 
not more than 25m. 
The base of the skatie Grit unit, exposed at the southern 
end of clochindare, contains a greater proportion of 
semi-pelite than is normal for this unit. The lithology is 
still dominated by buff coloured gritty psammites and black 
pelite is 10% of the rock volume, whilst calc-silicate beds are 
common and continuous. This is a fairly typical Skatie Grit 
Unit association. 
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ThOm north of Clochindare there is a typical Downies 
Pelite Unit sequence of interbedded pelites, semi-pelites and 
psammites with silvery feldspathic pelites and rare, 
discontinuous calc-silicate ribs. However, in the zone between 
this and Clochindare, over a vertical section of between 50 and 
lSm, there is a gradual change in the pelite composition with 
the black, biotite rich variety becoming dominant towards the 
top. There are also many lensiodal bands composed dominantly 
of psarnmite, up to lum thick, that become more common and 
thicker towards the Skatie Grit Unit. Within these bands there 
are not infrequent, semi-continuous calc-silicate bands and at 
the top of this transition zone there are continuous 
caic-silicated beds in the interbedded lithology. Blue quartz 
is found sparingly within these psammitic bands. 
Although there is some evidence of low angle normal and 
thrust faulting in this region the effects seem to be minor and 
the impression is more of a sedimentary than tectonic boundary 
with a continuous, gradual change from one lithological 
associaton to another, punctuated by surges of clastic 
sedimentation (the thick psammite bands) that became more 
prominent near the top of the transition zone. 
3: Id Cove Unit 
This unit extends from just south of the Cove Granite to 
the end of the section at Girdle Ness. It is similar to the 
Downies Pelite Unit in that it is an intimate association of 
psammite, semi-pelite and muscovite/feldspar rich pelites, 
except that calc-silicates are common and continuous and there 
are numerous amphibolite bodies. Bedding tends to be more 
regular than in the Pelite Unit giving a flaggy appearance. 
This unit has been partially migmatised and extensively 
intruded by large granite bodies and numerous small granite 
veins. 
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Calc-silicates and garnetiferous calcareous horizons are 
locally common. It is uncertain if the amphibolite bodies 
originated as intrusions, volcanically derived tuffs,orposs;b13 
IoJaG;but their intimate association with the surrounding sediments, 
internal compositional variations, and pre-Dl age indicate a 
sedimentary origin. At the coast it appears that such bands 
are restricted to this unit. However, subsequent mapping 
inland revealed that amphibolites are common within the Downies 
pelite Unit towards the flee. Nevertheless, there is a subtle 
distinction in that the amphibolite bodies outside the Cove 
Unit are not banded, are less feldspathic and do not have 
gritty inter-layers. 
3: le 	áñthi€iôñfràñiCôvétóDowfliesPeliteUnit 
The southern edge of the Cove Unit occurs somewhere 
between Blow Up Nose and the southern margin of the Cove 
Granite. The cliffs are precipitous and inaccessible in this 
area and some 50m of vertical section cannot be examined. At 
the base of the cliffs at Pipers Hole there are several 
amphibolite bodies in a flaggy association of semi-pe1ite and 
very feldspathic pelite with a small amount of big muscovite 
pelite. At the top of the cliff there is a lOm thick gritty 
psammite layer set in a thinly interbedded psammite, dark 
silvery pelite and semi-pelite assemblage that is typical of 
the Downies pelite unit. The rock between the base and the top 
of the cliff cannot be closely examined, but from a distance 
there does not appear to be any sharp break or tectonic 
feature. The boundary between the two units is probably 
transitional and of sedimentary origin. 
3:2 The Sá€i.rahiô succession inland 
The stratigraphic succession within the field area as a 
whole has been divided into four lithological units, the three 
recognised at the coast, described above, and the Banchory Unit 
that occurs within the NW part of the field area and is 
described below. 
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There are, therefore, two boundaries between units to be 
traced inland from the coast and the boundary between the 
Downies pelite and Banchory Unit, which must occur within the 
north-central part of the area, to be located. These 
boundaries are shown on Map 1 (which is contained in the pocket 
within the back cover) with the evidence of their positioning 
and natures - outlined below. 
3:2a Eàñchory Unit 
This unit occupies the NW part of the field area and, 
with the exception of the area around Craig of Affrusk [7079351 
and Bridge of Feugh [701950], exposure over this outcrop is 
generally poor. 
Within the field area limestones are unique to this unit, 
being locally common throughout its outcrop. Most of the 
limestone is impure, containing a significant amount of silica, 
and because it has been metamorphosed to the equivalent of the 
pelite sillinianite grade, it contains a wide variety of 
metamorphic index minerals. These limestone beds are 
intermixed with quartzites, psammites and pelites. Quartzite 
is generally more abundant than psammite to the extent that in 
some areas, notably at the Bridge of Feugh, the succession can 
consist almost entirely of alternating quartzite and limestone 
beds. The amount of pelite at any particular locality is 
extremely variable but is generally-<20% of the assemblage. 
The pelite within this unit is usually biotite rich with a 
distinctive purple hue. Occasionally there are thin lenses of 
amphibolitic schist admixed with limestone beds. 
3:2b ká€iè Gtit/bôwñiespèliteaóUndáry 
Since the differences between these units are quite 
distinctive the boundary between them can be traced with some 
certainty across the poorly exposed ground that lies inland 
from its outcrop at the coast. From the coast, at Clochindare, 
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the boundary runs with a trend of 250 across Fetteresso to pass 
into Fetteresso Forest around the Hill of Three Stones [780890]. 
The boundary is never closely approached by the scattered 
exposure within this area. Its position is constrained, 
however, by the extensive exposure of grits along Cowie Water 
and in a pipeline cutting (now filled) that passed through the 
Hill of Allochie (855913], set against the pelitic exposures on 
curlethney Hill [839918] and Bawdy Craig [810921]. 
Between the Hill of Three Stones and Clattern' Brig 
[665782] there is a narrow corridor, about 3 to 5km wide, 
between the ES? and the southern edge of the Kincardine 
Granite, through which the boundary passes. Within this 
corridor there is a continuous outcrop of grits along the side 
of the US? with the exception of the area round the Brae of 
Glenbervie [770850] where there is a considerable amount of 
pelitic schist intermixed with grit (see Map 1 - pocket inside 
back cover of this volume). The exposure within this area is 
poor, especially now that the afforestation of the area is 
reaching maturity, and it is difficult to assess the nature of 
this gap in the grit outcrop. The disposition of the boundary 
between the Downies Pelite and Skatie Grit Units as it appears 
to map out suggests that the gap might be caused by folding. 
Alternatively, it might be the result of some local facies 
variation within the Skatie Grit Unit. In this context it is 
interesting to note that there is a considerable amount of 
haematite schist amoungst the pelites within the break. This 
transition of grits into a haematite schist-dominated pelitic 
assemblage is a feature seen on a regional scale towards Glen 
Esk. Any break in the continuity of the Skatie Grit outcrop is 
of potential importance when considering stratigraphic 
correlations within this area and this is, therefore, discussed 
in more detail in Chapter 6. 
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To the west of Clatterin' Brig this corridor opens out 
into Glen Esk. The boundary between the Skatie Grit and 
Downies pelite Units has been traced to the River North Esk 
which it crosses just north of waggles [5707651. Between 
Clattering' Brig and the River Esk haematite schist becomes 
very common within the lithological assemblage of the Skatie 
Grit Unit. However, true pelites still remain relatively 
rare. The grits associated with the haematite schist still 
retain sedimentary clasts and appear unlike those associated 
with the Downies Pelite Units. There appears to be a large 
scale facies variation taking place within the Skatie Grit Unit 
whereby some of the grit is replaced to the west by haematite 
schist. 
3:2c Downies Pelite/Cove Boundary 
Although the differences between the Downies Pelite and 
Cove Units are fairly subtle, there is more exposure inland 
from the northern end of the coastal section than is typical of 
the general field area, and the boundary therefore, can be 
traced with some confidence. It runs inland in a 
north-westerly direction from Blow tip Nose through Blue Hill 
[924005] to the Dee opposite Cults [905025). 
Mapping of the Cove Unit has not resulted in the 
recognition of any lithological subdivisions. within the 
Downies Pelite Unit, however, there are several psammitic 
bodies, both lensoidal and reasonably continuous. Where 
adjacent to the boundary these units run parallel to it. This 
would appear to argue against the concept of this boundary 
being a metamorphic effect, a factor which has to be considered 
as the outcrop of the Cove Unit covers the approximate area of 
migmatisation. 
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3;2d bôñiêáPèli€é/áñdhdr' adüñdáiy 
On the IGS sheets 66 and 67 two small outcrops of 
limestone are recorded to the east of Kirkton of Burns - one 
at Upper Ashentilly [8109701 the other at Nether Ashentilly 
[8179761. The former exposure is now covered by a refuse tip 
but the one at Nether Ashentilly can still be located. The 
amount of limestone in this exposure is limited to a few thin 
beds but a combination of limestone and calc-silicate material 
is abundant. 
With the presence of quartzite, quartzitic psammite and 
biotite rich pelite, as well as these limestones to the east of 
Nether Ashentilly, it is obvious that the Banchory Unit extends 
at least this far east. 
Around Altries House [8409851 and Oldman wood [8559893 
the lithological succession is composed of gritty psammite and 
pelite, silvery and black varieties, in roughly equal 
proportions. within this area there are also outcrops composed 
almost entirely of gritty psammite (e.g. east of Altries House 
[840985] and Kirkton of Maryculter 19579921) which can be 
traced (as well as the exposure will allow) more or less 
continuously along strike to the coast where they outcrop at 
Newtonhill and portlethen respectively. These bands are 
regarded as stratigraphic horizons, though it is admitted that 
with the lack of exposure their continuous nature cannot be 
proved. Since these bands can be traced into undoubted Downies 
pelite Unit terrain at the coast, and the general lithology 
around them contains distinctive silvery, black and feldspathic 
pelite varieties, it is apparent that the exposures around 
Altries House and Oldman Wood are within the Downies pelite 
Unit outcrop. 
The boundary between the Downies Pelite and Banchory 
Units, therefore, runs between Nether Ashentilly and Altries 
House. There is little exposure to the south of the Dee in 
this area and consequently it is difficult to constrain the 
trace of this boundary. There are exposures of the Downies 
Pelite Unit in Hawkhill wood (8358451 and in a pipeline cutting 
(now filled) that runs due north from Hawkhill wood. when 
these exposures are set against those of the Banchory Unit 
(mixed quartzite and psammite) around dune wood [795951], 
Denside [807956] and in strathgyle wood [800940], it is obvious 
that the boundary must trend roughly south-west from the Dee, 
just to the west of Altries House, through West Branchmont 
[812948] and on into the eastern end of the Kincardine Granite 
in Strathgyle wood. 
Since this boundary trends approximately normal to the 
strike of bedding in this area (see Map 1) it must be tectonic, 
although lack of exposure prevents its exact tectonic nature 
from being determined. 
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CHAPTER 4 
DEFORMATION OF THE COASTAL SECTION 
A series of geological field slips (Map series 2), on a 
scale of 1:10,000, covering the whole of the coastal section is 
5-  
contained in the pocket inside the back cover of thèg volume. 
All geographical names mentioned in this chapter are included 
on these slips. 
4:1 bl dôààtâl èètiàñ 
Dl folds and unmodified Si cleavages are only preserved 
to the south of Limpet Burn, in the structurally highest 
portion of the section where subsequent deformation has had a 
limited effect. In the rest of the section Dl is evidenced by 
a pressure solution cleavage developed in the more psammitic 
lithologies. Because of subsequent deformation, mainly during 
the D2 event, this cleavage is usually highly modified; forming 
part of a composite cleavage (Sc) with Dl, D2 and D3 
components. In general, relatively unmodified Sl can only be 
found within the cores of D2 folds or D2 microlithons. The 31 
pressure solution cleavage is the only recognisable Dl 
structure found to the north of Limpet Burn. 
4:1a Si cleav a g 4is 
The type and intensity of cleavage development is 
controlled by th e inter-relationship of the host lithology and 
the amount of ni strain. The preservation of a clearly 
recognisable 31 is dependent on the extent of subsequent 
deformation and, more particularly, the effective competence of 
the host lithology. 
In pelites to the south of Limpet Burn there is a fine 
grain alignment cleavage (Figure 4:1a) defined by chlorite and 
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The Si grain alignment cleavage; specimen 81.3 x 25. 




The feathery ends to a quartz grain in the Sl grain alignment 
cleavage; specimen 81.3 x 50. 
The quartz grain has become intergrown with muscovite and chlorite 
plates from the matrix. 
muscovite plates and highly flattened detrital quartz grains, 
which have "feathery" ends indicative of recrystallisatiori and 
epitaxial overgrowth during Dl (Figure 4:1b). This cleavage is 
usually parallel or subparailel to bedding. 
semi-pelites and the more micaceous psammites to the 
south of Limpet Burn carry two Sl cleavages. The more 
conspicuous of these is a strongly developed pressure solution 
cleavage with as many as 7-8 micaceous laminae per centimetre. 
This cleavage is usually parallel to bedding but differences in 
dip with SO of up to 5 1 have been recorded. Less conspicuous 
in hand specimen, but very obvious in thin section, is a well 
developed grain alignment cleavage within the siliceous lithons 
between the mica stripes of the pressure solution cleavage. 
This cleavage is subparallel to SO and is similar to that 
described from the pelites. The geometrical relationships 
between these cleavages and bedding are similar to those 
described below for psammitic lithologies. 
In siliceous grits and pebbly psammites south of Limpet 
Burn there are also two Si cleavages. The dominant structure 
is a widely spaced, penetrative, occasionally ramifying 
pressure solution cleavage, with up to 1cm between the mica 
rich laminae (Figure 4:2a, b). This cleavage forms divergent 
fans around the Fl structures (Figure 4:5b). Although the so 
and Si planes are usually parallel or subparallel, occasionally 
differences of up to 20 0 can be found. This angle often 
appears to be much larger on one of the limbs of a fold, a 
feature which is discussed below. Within the siliceous lithons 
produced by this pressure solution cleavage there is a grain 
alignment cleavage composed of flattened clasts of quartz and 
feldspars with muscovite and chlorite plates wrapped around 
them. Many of the quartz and feldspar grains show strain and 
recrystallisation textures and some have epitaxial 
overgrowths. This cleavage is generally subparallel to SO. 
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The Si pressure solution cleavage; specimen 81.5 x 50. 
A thin, somewhat ragged edged, seam of predominantly platy 
minerals cutting across the quartz/feldspar rich grain alignment 
cleavage. 
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Figure 4:2b 
The ramifying style of the Si pressure solution cleavage, Skatie 
Shore. 
Where there is an angle between the grain alignment cleavage 
and the pressure solution cleavage the micas, platey quartz and 
feldspar grains, within the mica rich laminae of the pressure 
solution cleavage, lie parallel to the laminae rather than 
parallel to the grain alignment cleavage. Occasionally, 
however, at the edges of some laminae there is a gradual swing 
in the alignment of the micas into parallelism with the grain 
augment cleavage (similar to the observations of Harris et. 
al. 1976). The angle between the grain alignment and pressure 
solution cleavages varies with lithology, being at its highest 
in the more competent psammites whilst in semi-pelites they are 
parallel. This angle is probably due to the continuous 
evolution of the cleavages during the formation of the Dl 
folds: and that they were formed at different times during the 
folding, as suggested by Harris et. al. (1976). To simplify 
this model it is assumed that the axial plane of the fold is 
always parallel to the XY plane of the strain ellipse, if an 
axial planar grain alignment cleavage were developed during the 
early stages of folding it would make a high angle with 
bedding. Localised dissolution occurring along some of these 
planes would preferentially remove silica and produce mica rich 
pressure solution laminae. The silica removed from the laminae 
forms either epitaxial overgrowths to quartz grains in the 
lithons between the laminae, or is redeposited as quartz veins 
(pre 02 quartz veins are abundant throughout the coastal 
section). The regular spacing of these laminae suggests that 
there are some fundamental controls, such as grain size, 
controlling the selection of these planes. Solution would 
continue along these planes and, as the fold tightens with 
increasing strain, they would rotate towards the new position 
of the XY plane of the strain ellipsoid. However, since the 
pressure solution stripes will act as solid bodies they may 
rotate close to, but never actually become parallel with, the 
xi plane. A grain alignment cleavage, on the other hand, would 
not behave as a solid body but, since it is composed of 
individual grains all subject to a changing stress regime, 
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would continuously realign parallel to the axial plane by 
recrystallisation and epitaxial overgrowth. The feathery ends 
to the quartz and feldspar grains and the epitaxial overgrowths 
suggest that these processes have indeed taken place. Such a 
model would explain the observed geometry of the two cleavages 
(Harris et. al. 1976). in the less competent lithologies there 
is generally such a small angle between the two cleavages that 
they can appear to be parallel. 
Such a development is envisaged by Chosh (1975) who 
states that 'Once formed, it's [the cleavage's] orientation 
would be continuously changed, either by passive rotation as a 
strain marker or by being continuously regenerated parallel to 
the changing direction of the major axis of the strain 
ellipsoid." Using a simple shear model Ghosh (1975) concluded 
that "the maximum possible difference in the orientation of the 
two cleavages would be 5.5 0 , and with any combination of pure 
and simple shear the angular difference would be still smaller 
(Ghosh 1982). This is much smaller than the observed maximum 
angle between the two cleavages which is about 200. This model 
requires that the grain alignment cleavage recrystallises very 
readily. However, in detail the micaceous laminae of the 
pressure solution cleavage are composed of platey quratz, and 
feldspar grains lying parallel to the sides of the laminae not 
the grain alignment cleavage, though rarely there is a limited 
realignment of mica at the laminae edge. There must be a 
significant difference in the stress thresholds above which the 
components of the two cleavages will recrystallise. 
4:lb Dl Folds 
Anderson (1942, 1947) noted along the Skatie Shore, 
several reversals in the direction of grading of pebbly beds 
with no change in the orientation of SO, and from this inferred 
the presence of a set of isoclinal folds. This observation 
was confirmed by Shackleton (1957) who realised that the 
associated cleavage (Si) is always downward facing. Both 
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Anderson and shackleton asserted that the cores of the 
anticlines are occupied by a more pelitic lithology, which they 
correlated, with important stratigraphic implications to be 
discussed in Chapter 6, with the Downies Pelite Unit which 
outcrops several kilometres to the north. However, they 
differed in their interpretation as to the form of these folds; 
Anderson asserted that they are antiformal whilst shackleton 
concluded that they are synformal. However, Phemister et. al. 
(1960) state that "Anderson's suggestion that the axial regions 
of anticlines and synclines are characterised by pelitic and 
areanaceous rocks respectively is only partially valid and 
detailed mapping . . . has failed to substantiate his 
differentiation of two distinct lithological and 
stratigraphical groups in this area". Figure 4:3 is a 
sedimentary log of this section together with the positions of 
the Dl axial planes. It shows that true pelites are rare and 
that there is no obvious concentration of 'pelitic material" in 
either anticlinal or synclinal hinge zones. In fact, there is 
little correlation of lithologies across the axial planes 
implying either a lenticular nature for bedding or some 
dislocation of the sequence during folding. General support 
for lenticular bedding is provided by the turbiditic nature of 
the original sediments (see Chapter 6). Further evidence 
concerning the possibility of some axial planar dislocation is 
given below. 
The position of twenty five fold hinges have been 
identified by using changes in the fining directions of graded 
beds and sO/Sl geometry (Wilson 1961), see Figure 4:4. Despite 
the close positioning of the axial traces of these folds, in 
some cases to less than 50cm, in only tour of these cases have 
beds been seen passing around a fold closure (Figure 4:5,a,b). 
In several places small Dl folds picked out by quartz veins can 
be observed (Figure 4:6a). In all cases these folds were very 
tight to isoclinal. Shacklet.on (1957, p366) states that 'some 
hinges can be seen' but his illustration (op.cit. Fig Sc) is of 
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FIGURE L/3 
Relative position of Dl fold hinges 
and petite to semi-pelitic Jithologies. 
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A Di fold hinge, Skatie Shore. 
Note the tendency of the Si pressure solution cleavage to fan as 
the edge of the more resisterit psammite bed is approached (see 






A Dl fold hinge showing marked fanning of Si, Skatie Shore. 
Figure 4:6a 
Dl folds marked by quartz with axial planar Si grain alignment 
cleavage, Skatie Shore. 
Figure 4:6b 
Dl fold marked by quartz veining with axial planar dislocations, 
possibly indicative of some more extensive axial planar slipping 
during the development of the Dl fold system. 
Figure 4:7 
The downward facing nature of the 51 pressure solution cleavage. 
The beds younging to the left, Perthumie_Bay.  
Although this is an inclined rather than a vertical section the 
plunge of the Dl folds in this area is shallower than the dip of this joint 
plane.  
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an open fold which closely resembles a D4 fold. Close to three 
felsite dykes at the north end of Perthumie Bay and between Red 
Man and Limpet Burn, there are some D3 isoclines that resemble 
Fl. However, on close examination they clearly fold sl. 
Ghosh (1982) developed a model to explain observations 
that 	in certain foliated rocks, cross cutting markers are 
found to be offset by discrete foliation surfaces. 	The 
mechanisms involved could incidentally produce two cleavages 
with an angular difference (the situation found in this area). 
In developing this model Ghosh showed that if a foliation is 
rotated as a passive marker, due to the continuous change in 
position of the XY plane of the strain ellipsoid, then 
considerable shear strain would develop along the foliation. 
Such a shearing mechanism might have been responsible for the 
apparent absence of the hinges of these folds. Such a 
situation is to be seen in Figure 4:6 where planes of 
dislocation parallel to 51 occur across small Dl folds of a 
quartz vein. 
The strike and dip of SO on opposite limbs of these folds 
are essentially parallel. 	Any variation that does occur 
appears to be due to post Dl warping. 	The intersection 
lineation between SO and $1, which is parallel to the plunge of 
Fl folds, where they are seen, varies in its orientation along 
the section. However, the relative orientations of 51 and S0 
change along the section. In the central part of Figure 4:4 
the difference is mainly in the strike and the folds plunge 
moderately to the ENE, whilst to the north and south of this 
central portion, where the folds plunge gently ENE, the 
difference is in the dip components. Where the difference is 
in the dip component, Sl dips more shallowly to the north than 
So on limbs which young to the north; whilst on the opposite 
limbs, which young to the south, Si dips more steeply north 
than SO. Thus this cleavage is downward facing on all these 
limbs (Figure 4:7a). Where the difference is in the strike 
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component, Si is rotated clockwise from SO on limbs which 
young to the north and anticlockwise on those which young to 
the south. Thus the cleavage which is associated with the 
moderately plunging Dl folds faces west. These variations mean 
that the overall system of Dl folds must be curvilinear, with 
an antiformal, gently plunging fold younging towards its core 
in the N and S of the section equivalent to a moderately 
plunging, eastwards closing, fold younging towards its core 
(Figure 4:8) 
4: lc Mbdèlliñ€heVé±éñdèôf€héjj11'ôldyàtS 
Determining the sense of vergence of the Dl system is of 
great importance to the discussion of the major structures of 
this area (chapter 6). in this discussion it will be shown 
that the primary structures are dominated by large nappes. 
Knowing the Dl vergence would reveal the position of the 
coastal section within this pile; either on an upward or 
downward facing limb. This is an important restraint since 
there is no sedimentary control of the way up of the 
stratigraphic succession. 
The general absence of observed fold closures and 
vertical relief makes direct observation of fold vergence 
impossible. in the field it is obvious that on limbs where 
bedding dips more steeply north than 51, the angle between the 
two is generally larger than where $1 dips more steeply north 
than SO (Figure 4:9). It may well be that this asymmetry in 
the fanning of 51 is related to differences in the strain on 
opposite limbs. If such a difference can be shown to be 
systematic and related to strain variation then it may reveal 
the sense of vergence. A number of visible characteristics of 
these folds were analysed to see if there was any systematic 
variation. It was found that the Dl system is markedly 
curvilinear -(see Figure 4:8) and thus it is difficult to assess 
if there is any systematic variation in the angle between Si. 
and bedding. Because the folds are very tight, and in places 
sir 
Figure 4:.9a 
The large angle found between SO and $1 on those Dl limbs with an 
antiformal closure to the northi- leff 
Figure 4:9b 
The small angle between SO and 51 on Dl limbs with an antiformal 
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- To obtain this ellipsoid the pebble bed samples were cut to produce 
orientated orthogonal sections. The pebbles, which are assumed to have 
originally been roughly spherical, form ellipses on these surfaces. The 
program uses the measured axes of these ellipses to compute an orientated 
finite strain ellipsoid for each sample. In order to facilitate the graphical 
I
isplay of this data be plotted in terms of Es factor and lodes parameter 
(Figure 4:12). Es factor indicates the amount of strain by the ratio of the 
major and minor axes of the finite strain ellipsoid, whilst the lodes 
parameter is an indicat ,ion of prolateness vs oblateness of the ellipsoid. 
• 	I - 
-. 	 --• 	 • 	
-- 
• 
4.. ;$" i7 jr 	• 
probably isoclinal, any differences in the outcrop thickness of 
the limbs cannot be due to cut effects, but must reflect their 
true relative thicknesses. As Figure 4:10b shows there is no 
systematic variation in the thickness of the limbs across fold 
hinges nor is there any distinct difference in the thickness of 
bedding (Figure 4:10a). 
In Figures 4:11a & b, limb thickness was plotted against 
the average spacing of sl and the average thickness of SO 
respectively. In both cases the measurements were made in the 
distinct gritty psammite so as to minimise the effects of 
lithology. Any variation in the spacing of 51 should reflect 
differences in strain during Dl. In Figure 4:11a there is a 
spread between 15 and 27 planes per 10cm but there is no 
obvious distinction between the different limbs. 
To quantify any variation of strain samples of pebble 
beds were collected from 13 limbs. These samples were then 
analysed using a computer programme provided by Dr R. F. 
Cheeney to obtain the finite strain ellipsoids. * 
As Figure 4:12 shows there is no obvious systematic 
variation in either the Lodes parameter or the Es value along 
this section. Indeed there is considerable variation within 
limbs, Similarly Figure 4:13, a plot of the axial ratios of 
the ellipses produced by the intersection of the strain 
ellipsoids and the sections normal to the strike of bedding, 
shows no systematic variation and considerable variation within 
limbs. When the data is analysed by plotting the Es value 
against the Lodes parameter (Figure 4:14), and by plotting the 
natural logarithms of the lengths of the principle axes of the 
strain ellipsoids on a matrix representing 3 Mutually 
perpendicular axes (Figure 4:15), it appears that the two types 
of limb occupy discrete areas of the plots. Those with an 
antiformal hinge to the north plot in a restricted field on 
both diagrams which is surrounded by, but excludes, the plots 
of the other limbs. 
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FIGURE LIiDo 
Average nimber of Si planes 10cms 1 
vs SO thickness 	 - 
• limb between anidnol hinge losoutli 
and synclinal hinge to north 
o limb between synclinal hinge to south 
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Figure 4:10 
The variation in the number of Si planes per iOcm versus the 
thickness of bedding - noting limb types. 
The variation in Fl limb thickness in relation to the limb type. 
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Figure 4:11 
The variation in the average number of Si planes per 10cm versus 
limb thickness with the type of limb differentiated. 
The variation in the average thickness of bedding versus the 
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• limb with synform to north 
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1- 
Calculated Dl deformation strain ellipses 	 FIGURE 4115 
Not. log, principle OXS; Original, images 
El-centre ; E2-east; E3-north 
0 
• Limb with antiform to north 
0 limb with synform to north 
FIGURE 4:15 	a plot on natural log axes of the orthogonal 
images of Dl strain ellipsoids calculated 
from pebble bed analysis 
DIAGRAMATIC REPRESENTATION OF THE 
Dl FOLD SYSTEM OF FIGURE /4 
- 	folded surface 
enveloping surface 
South 	 North 
The fold system is shown in a more 
open style than is actually the case. 
The length of a limb is assumed to be 
directly proportional to its width. 
All the folds have been rotated so that 
they are all shown with the some angle 
and direction of plunge. 
FIGURE 4/16 
FIGURE 4:16 
Although there is this distinction between the limbs it 
is not particularly marked and does not confirm the idea of 
alternating high and low strain limbs. 
Since, in Figure 4:14 all but one of the ellipsoids plots 
in the field between a normal trigonal ellipsoid and an oblate 
ellipsoid and the Es values are all less than 0.9, it is 
obvious that the strain is not far removed from simple 
flattening. With the general absence of D2 and D3 structures 
from this area complex, multi-deformational models to explain 
the different 50/51 angles on different limbs are invalid. A 
flexural slip or buckle folding mechanism is unlikely because 
of the space problems this involves when dealing with isoclinal. 
The various methods used to analyse these folds all 
indicate that although there may be differences between the 
strains imposed on different limbs these are somewhat subtle 
and not particularly systematic. 
The absence of any obvious sense of vergence, even after 
the strain analysis, suggests that the Dl system might be a 
series of M folds. Figure 4:16 is a schematic cross section 
along skatie Shore and Perthumie Bay and shows that the Dl fold 
system is most likely to be a series of N folds. Assuming that 
they are N folds and given that they lie at the southern end of 
the section, in which there is a general southerly dip of 
bedding, it is concluded that they lie in or very close to the hinge zone and 
that the coastal section, taken as a whole, lies on the lower limb of a large 
tight/isoclinal fold. The significance of this conclusion is discussed in 
Chapter 6. 
4:2 Deformation 2 
The effects of the D2 episode can be seen along the whole 
of the coastal section north of Limpet Burn. There is 
considerable variation in the folds and fabrics produced but 
this variety has a geographical distribution. The following 
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list of 02 structures is compiled in the order they appear when 
the coastal section is traversed in a northerly direction: 
south of Limpet Burn there are no observable 02 effects. 
Near Long Meg there is a gradual northward decrease in 
the spacing of S1. 
At the same point a north-south trending, stretching 
lineation is weakly and sporadically developed in some 
psammites. This lineation becomes much stronger and more 
common northwards until it is destroyed by o3 fabrics 
around Findon. 
Open 02 folding is first, developed around Tilly Tennant. 
S2, an axial planar, widely spaced pressure solution 
cleavage, is first detected around Castle Rock of 
Muchal is. 
D2 folding becomes more common to the north of Castle 
Rock of Muchalls. The fold styles vary from open to 
isoclinal within the same lithology and locality, with 
this variation apparently linked to the intensity of 52 
development. The vast majority of 02 folds are S shaped 
when viewed looking north. 
To the north of Newtonhill 02 folds are restricted to 
lensoidal lithons surrounded by a composite 51/52 
schistosity. 
From the sequence it can be seen that both the intensity 
of development and the complexity of D2 structures increase 
northwards, indicating a northwards increase in 02 strain. 
- 39 - 
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FIGURE 4:17 	the effects of D2 on the spacing of Si 
4:2a the Effect s -of b2 ÔÜ the tpáàiñc 61 €hé Si pressur4s6lution 
Cleavage 
A comparison of the spacing of the Si pressure solution 
cleavage in the same lithology in the area of Skatie Shore and 
Perthumie Bay, where there are no obvious D2 structures, and 
areas to the north where D2 structures are developed, shows a 
decrease in Si spacing towards the north. In order to 
investigate this variation more clearly it was decided to make 
a systematic study of the area between the HBF and Newtonhill. 
The method used was to measure the number of Si planes per 10cm 
at some 500 points. It was known that lithology controls the 
spacing of 51 along Skatie Shore where the more micaceous a 
rock the more finely spaced was 51. Therefore, in order to 
maintain the independence of the data from lithological control 
all measurements were made in the same lithology. Gritty 
psammite was chosen because it is easily recognised and is very 
common throughout the area. Figure 4:17 shows graphically the 
analysis of this data. The impression gained in the field of a 
gradual northward decrease in the spacing of Sl, is confirmed 
by this analysis and further that there is an obvious 
decreasing in this spacing corresponding to the point where the 
first observable D2 structure, a stretching lineation, is found. 
The possibility that this northward decrease in the 
spacing of Si might be due to the northward increase in the 
intensity of Dl (similar to the suggestion of Roberts 1977) for 
the same structure in the SW Highlands), was discounted because 
of the coincidence of the decrease in $1 spacing and the 
development of D2 structures. The effects of D2 folds on the 
spacing of sl are described below, but in the context of this 
section it is important to note that Si is often highly 
attenuated on the limbs of these folds and, in thin section 
there is evidence to suggest that cores of the folds have 
suffered appreciably less strain than the limbs. 
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4:2b L2LineatiàñS 
L2 lineations are very common structures in the area 
between Hall Bay and Blow Up Nose. These lineations are 
usually well developed in gritty psammites and semi-pelites but 
are rarely apparent in pelites and quartz veins. Wherever 31 
is highly deformed by D2, and 82 is developed, the lineations 
lie in the common schistosity plane. Although L2 is developed 
in a variety of styles, depending on the type of lithology and 
the style of the associated folding, all these lineations are 
clearly the products of the same episode since they have a 
common trend (NNW-SSE) and are all folded by D3. 
In psammites, particularly the gritty varieties, there is 
usually a strong stretching lineation composed of elongate 
quartz and feldspar grains (Figure 4:18). Moving northwards 
along the section, this lineation is first seen around Long 
Meg, where it is only weakly developed. It increases in 
intensity northwards to Muchalls and from there is gradually 
overprinted by D3 fabrics. It is only very locally preserved 
to the north of the Cove Granite. 
Locally within pebbly grits the pebbles exhibit slight 
elongation which is broadly parallel to 1.2 developed in the 
surrounding lithologies. 
Comparable with the stretching lineation within psammites 
is the development of a stretching lineation in semi-pelites. 
This is generally marked by elongate quartz grains and some 
feldspar grains. Locally, there is a vague orientation of 
micas, although the fabric has suffered intense post D2 
recrystallisation. 
Very locally within pelites there is an alignment of 
micas oblique to the 81 plane that creates an 81/32 
intersection lineation. The rarity of this lineation is 
probably due to the general lack of an angle between 31 and 82 






The L2 stretching lineation in psammite folded by by a D5 fold, 
Doonie Point. 
and the subsequent deformation and recrystallisation of micas. 
Quartz veins and quartz/feldspar segregation do not normally 
bear the imprint of a lineation but occasionally there is a 
grooving that is parallel to the L2 stretching lineations. 
These grooves are usually about 1-2mm across and spaced fairly 
regularly at 4-5mm intervals. The coarsest example seen has 
grooves 5mm across and at 1cm intervals. Where D2 lithon 
stacks (see below) are developed there is a lineation defined 
by the closely spaced P2 axes. This is parallel to the various 
lineations described above. Within lithon fragmented P2 (see 
below) there is an intersection lineation created by the 
intersection of 51 and S2 planes. 
4:2c cleavages 
82 is generally expressed as a pressure solution cleavage 
in psammites or semi-pelites. Only in rare cases is a weak 
grain alignment cleavage developed in association with D2 folds 
(usually the isoclinal style to which it is ubiquitous). 
Although earlier fabrics developed in pelites have obviously 
been greatly modified during D2 it is often impossible to 
distinguish between any Si or 82 components in the resultant 
Sc. The section below is concerned with cleavages developed in 
psammitic and semi-pelitic lithologies therefore, for 82 read 
32 pressure solution cleavage unless otherwise stated. 
In' areas where there is no D2 folding the main fabric 
appears to be a simple attenuated $1 pressure solution 
cleavage. However, at several localities it becomes obvious 
that this fabric is oralekcL,reiM,*aLbjs2 pressure solution cleavage 
planes. In such cases the 32 planes are distinguished from 
those of 51 on the basis that they are much thicker and wider 
spaced and there is a slight, but discernable angle between the 
two cleavages. It is thus suspected that most of this 
apparently simple fabric is in fact a composite 81/S2 cleavage. 
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There are three types of 32 fabric each associated with 
different styles of D2 folding. A common style of 02 folding 
is a lithon stack (see below) in which quartose lithons are 
separated by micaceous stripes. As can be seen from the series 
of photographs (Figure 4:26), depicting the development of 
these lithon stacks, the mica stripes are composed of 31 planes 
that have been so highly attenuated that they have amalgamated 
to form one, thick stripe. The quartose microlithons that 
originally separated the Si planes have been removed by D2 
pressure solution and thus these stripes are a composite Sl/S2 
fabric. 
$2 micaceous stripes are also produced in the cores of 
large 02 folds and in their extreme form produce the lithon 
fragmented style of folding described below (Figures 4:20a and 
4:22a,b). As in the above case this cleavage is produced in 
zones of very high $1 attenuation, but it is obvious that the 
small number of Si planes incorporated into the new cleavage 
are insufficient to account for its thickness. The $2 content 
of this cleavage is much greater than that in the type 
described above. 
At a few localities an S2 grain alignment cleavage is 
developed. This is invariably weak and is usually found in the 
cores of isolated isoclines, but in at least one case with an 
open, 'classic style fold (see below). This cleavage has 
never been seen developed in association with an $2 pressure 
solution cleavage. 
4:2d Eàldin 
02 folds occur throughout the coastal section to the 
north of Tilly Tennant, though they become rare and only 
sporadically preserved to the north of Findon. The folds are 
traced out by the $1 pressure solution cleavage (except in the 
rare cases where F2 involves a bedding plane) and as such 
appear to be restricted to psainmites and semi-pelites. No 
MICM 
* Although Harris et al (1976) were able to observe that D2 folds in 
Perthshire were markedly curvilinear, being sheath folds curved around the D2 
lineation, no such observations were made in this study. Indeed it is 
suggested that, in this field area, these axes are straight. In the cases 
where it is possible to get a 3D view of these folds there is no indication of 
curvature. In most localities there are orthogonal joint surfaces and in 
these cases it is possible to see cut effects on the D2 folds. It was 
observed that the apparent tightness of the D2 folds was similar on joint 
surfaces of a particular orientation. This is thought to argue strongly for 
linear hinges. An alternative suggested by Tony Harris is that the curvature 
is so great that the limbs appear to be parallel. If this is the case and 
given subsequent deformation the use of stereonets will not solve the question 
- because of the orientation spread induced by the later deformation. Until 
an appropriate locality is found this question will be unresolved though my 
preference is for linear fold hinges. 
example of a 02 fold contained within a pelite bed has been 
found. The vast majority of 02 folds are small, with 
wavelength about 1cm, but to the south of Newtonhill, notably 
around Pheppie Burn, there are large near isoclinal examples 
with wavelength 1 to 3m. 02 folds show a remarkably consistent 
sense of vergence with the vast majority being S shaped when 
viewed looking north. 	This is true of all the different 
styles. 	The fold axes, paralleled by the L2 stretching 
lineations, trend NNW to SSE. 	These folds are usually 
intrafolial, or nearly so, with a slight angle between the 
axial planes and bedding. Only rarely have examples been seen 
that fold bedding or have an appreciable angle between SO and 
the axial planes. Both these varieties are described below. 
* 
02 folds are developed in a complex and wide range of 
styles, described below. It is frequently possible to find 
several completely different fold styles developed within a 
single exposure. The issue is further confused by the way in 
which the different styles are seen to evolve from each other, 
so that along the length of its axial plane any one fold can 
exhibit several different styles. 
In the following section a variety of fold styles are 
described, partly with reference to their progressive 
evolution. In this context it must be appreciated that the 
divisions between the various types are somewhat arbitrary and 
that frequently there appears to be a continuous sequence from 
one type to another. 
A major division within D2 folds is made on the state of 
the S1 cleavage before folding. In some cases it appears that 
51 had undergone considerable 02 attenuation before 02 folding, 
op p rec&ble 
whilst in others there appears to have been no1prefolding 
attenuation. There is some evidence, however, to suggest that 
there is a gradational sequence between those folds that 
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involve previously underformed 31 and those that involve highly 
attenuated 31. This is a point that will be considered in more 
detail later. 
'Classic' style:- Figure 4:19 
These folds show two highly attenuated limbs separated by 
two fold cores and a common central limb. In this central limb 
the Si spacing is wide (unattenuated) and comparable with its 
spacing at Skatie Shore. Generally, these are isolated folds; 
they are only locally developed in sequences. Their wavelength 
ranges between 1 and 30cm. 
Close L continuous àtylé:_ Figure 4:20 
These folds develop as a continuous series of folds. 
They have a similar style in which 31 on both limbs is highly 
attenuated but is widely spaced in the cores. 
tàólàtédThàèliñêà:- Figure 4:21 
Within areas of highly attenuated planar Si there are 
infrequent, isolated, rootless isoclines which display a 
markedly similar style. There is a weak axial planar grain 
alignment cleavage associated with these folds. 
Large folds with páráSitid minor fôldth:- Figure 4:22 
The wavelengths of these folds are an order of magnitude 
greater than all the other types, ranging up to 3m. They occur 
as isolated, isoclinal or close folds and have small parasitic 
P2 on their limbs. Associated with these parasitic folds is an 
S2 pressure solution cleavage. The parasitic folds and their 
cleavage resemble the lithon stack folds described below, 
except that they verge on the large fold rather than with the 
regional S sense. The larger folds almost invariably verge 
with the regional sense. 
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t.i€hôñth€áãkè:- Figure 4:23 
These folds are developed within quartose lithons, 
usually about 1cm thick, which are separated by S2 micaceous 
laminae. Within these lithons al is preserved in a variably 
attenuated state and defines the F2 folds. The lithons are 
developed in stacks, usually with 5 - 10 lithons per stack but 
it can be as many as 50. 
Lithóñlèñses:- Figure 4:25 
In areas of highly attenuated Sl, notably north of 
Newtonhill, D2 folds are only preserved within small lenses of 
relatively low strain. These lenses are never more than lm 
long by 50cm thick and the D2 folds inside them are in the form 
of lithon stacks. 
r,ihôñfráthentèd:- Figure 4;25 
In the area between floonie point and Muchalls there are 
several localities where a large D2 fold has been fragmented by 
the intense development of S2 and some apparent movement along 
these planes. The result is that although it is difficult to 
define it is possible to gain an impression of the shape of 
larger fold. There are several common 'evolutionary" sequences 
whereby one fold style develops from another. These are best 
described by a series of photographs. It is stressed that 
these sequences are merely intended to illustrate the wide 
range in which D2 structures develop. Although they are 
considered the most common sequences they are by no means the 
only ones. These sequences are; 
Classic - stacks of lithons (Figure 4:26) 
Classic - close continuous - lithon fragmented (Figure 
4:27) 
Large folds with minor parasitic folds - lithon 
brecciated (Figure 4:28). 
ON 
iv) A laterally varying sequence (Figure 4:29) - this 
sequence of change takes place normal to the axial planes 
(all the variations in style described above refer to 
changes taking place parallel to the axial planes). 
Essentially, it is the transition from classic folds to 
planar highly attenuated 5112. The intermediate stage 
between the two seems to be open, almost gentle F2 whose 
axial planes lie at a high angle to SO - whilst the axial 
planes of the classic folds and the $112 fabric lie 
parallel to SO. 
An important feature of these folds is the variation in 
style along their axial planes. The range of variation is 
perhaps not obvious from examining the photographs used above 
to illustrate the various fold types. The variation can, 
however, be quantified as is shown in Figure 4:30 a and b. 
These diagrams were constructed from measurements taken from 
the folds in Figure 4:19. The first step is to construct a 
graph showing the variation in fold class along each of the 
folded layers (Railway 1967). This technique is then taken a 
step further by stacking the information from each layer to 
produce a map of the class variation. 
4:2e Modelling fl2FOldMechañisflis 
There are several features that any model of D2 folding 
must explain. These features are examined below before the 
strengths and shortcomings of the existing models are 
considered. This is followed by a description of the model 
that has been developed during the course of this work. 
The D2 fold system incorporates a wide variety of fold 
styles. An important division within this system is between 
those that fold a widely spaced S1 and others that fold a 
previously attenuated $1. it is uncertain whether there are, 
in fact, two separate episodes of folding; the first associated 
with attenuation, or whether the two were separated by an 
- 47 - 
Figure 4:19 
The 'classic style of D2 folding, -Doonie Point. 
Note the wide spacing of $1 in the short limb and the narrow 
spacing on the long limbs. 
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Figure 4:20a,b 
Two examples of the close continuous style of D2 folding. Doonie 
Point. 
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Figure 4:21 
The isolated isocline style of D2 folding, Ship Bole - Muchalls. 
Note the absence of any other D2 folds around the isocline. 
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Figure 4:22 
(a) A large D2 fold, Pheppie Burn. 
Figure 4:22 
(b) A system of parasitic folds on the lower limb of the above 
fold. 
Figure 4:22 
(c) A system of parasitic folds on the upper limb of the above 
fold. 
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The lithon stack style of folding, Nuchalls, siliceous lithons, 
relatively unstrained are separated by thin micaceous seams which 
suffered intense stress. 
Note the consistent sense of vergence of all the folds within the 
stack. 
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The lithon lense style of D2 folding, Clochindare. 
Note how the small stack of siliceous lithons, inside which is 
preserved a low strain state, is surrounded by a highly strained 
zone. The whole thing forming a lensoidal shape when viewed in 3 
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(a) The lithon fragmented style of D2 folding, Doonie Point. 
Note how despite the intense development of lithons the 
'shadow of a larger D2 fold can still be detected. 
Figure 4:25 
- 	 (b) A close up of part of the above fold. 
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Figure 4:26a,b,c,d,e 
A possible evolutionary sequence showing the development of a D2 
fold system, with time and increasing strain, through from the 
classic style to the lithon stack style. 
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Figure 4:27a,b,c 	 / 
A possible evolutionary sequence showing the development of a D2 
fold system, with time and increasing strain, from the classic 
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Figure 4:28a,b,c,d 
A possible evolutionary sequence showing the development of a D2 
fold sequence; with time and increasing strain; from large folds 
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The variation in the styles of 02 deformation normal to the axial 
planes of 02 folds. 
Note the curvature of the F2 axial planes as the deformation 
approaches planar, highly deformed Sl/2. 
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FIGURE 4:30a 	the analysis of the variation in the style of 



















FIGURE 4:30b 	the analysis of the variation in the style 
of folding along a D2 fold pair 
independent episode of attenuation. Alternatively, there may 
have been a continuous and gradual attenuation of 51 with D2 
folding developing at different times in different places on a 
local scale. The spacing of Si has been shown at skatie Shore 
to be dependent on lithology. However, since the difference in 
the spacing of Si on the central limb of these two types of D2 
fold is in the order of a magnitude, within the same sort of 
lithology, such control is thought unlikely. Although both 
types of fold can frequently be distinguished within the same 
exposure there is no case in which the two interfere. This is 
thought to be strong evidence that the third hypothesis, of a 
continuously attenuating $1, punctuated at different times in 
different places by D2 folding, is the more likely. It is 
impossible, in a single deformation characterised by an 
unchanging direction of stress, for any plane to rotate from a 
sector of the strain ellipsoid associated with elongation to 
one of contraction. A pre-existing plane cannot pass through 
the plane of no finite strain. Thus during this period of 
deformation the direction of stress must have been variable. 
Though Si has been attenuated by a factor greater than 10 
over much of the flat belt, there is no comparable reduction in 
the thickness of 50. The thickness of SO is similar to the 
areas of no D2 strain, including pelitic beds. This precludes 
suggestions that most of the strain could have been taken up in 
the pelitic lithologies. If bedding had been thinned to its 
present state by the same amount as S1 then many of the beds 
would have been 10-20m thick 
When these folds are examined in thin section it becomes 
obvious that in the core limb, with widely spaced $1, the 
quartz grains are relatively large and equant, whilst in the 
other limbs, with closely spaced Si, the quartz grains are 
small and platey (Figure 4:31). Thus in the classic and 
related styles (notably lithon stacks) there is a relatively 
unstrained shared core limb and two highly strained outer limbs. 
- 48 - 
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THIN SECTION THROUGH A D2 FOLD STACK SHOWING THE 
DIFFERENCES IN QUARTZ GRAIN TEXTURES FROM CORE LIMB 
TO OUTER LIMB 
FIGURE 4:31 
The vast majority of D2 folds have the same sense of 
vergence i.e. S shaped when viewed looking north. The few that 
have the opposite sense of vergence are always parasitic on 
larger folds, which do have the general sense of vergence. 
This means that if there is a large regional D2 fold there are 
no intermediate size folds between those of 1cm to 2m and the 
regional fold. This is a most unusual relationship. 
The stage at which 52 developed in a particular fold 
history seems to have had a control on the tightness of the 
fold. The more open the fold, the more intense the development 
of 52. In general it appears that when the 52 pressure 
solution cleavage was developed the folds stoped tightening and 
most of the subsequent strain was absorbed within the 52 
micaceous laminae. It is very uncommon to find a pressure 
solution cleavage associated with isoclinal P2. 
As is indicated by the generalised sequence of D2 
structures outlined in the introduction to this section, there 
is a general trend for D2 structures to become more intense and 
more complex towards the north. The ultimate stage in this 
development, it seems, is a finely spaced composite 51/52 
fabric surrounding small lenses in which 51 and P2 are still 
preserved (Figure 4:32). The lenses represent a lower state of 
strain than the surrounding 51/52 fabric. 
In the Skatie Shore - Perthumie Bay area, where D2 strain 
is apparently absent, the 51 cleavages are generally 
sub-parallel to SO. Where an angle does occur it is small, 
never greater than 20 0 and usually less than 10 0 . A feature 
that is common to all D2 folds, but perhaps best illustrated in 
the case of the classic fold style (Figure 4:32) is that whilst 
on the outer, attenuated limbs Sl is sub-parallel to SO, in the 
core limbs where strain is apparently low, $1 is commonly at 
very high angles to SO. Thus, whilst the strain is low in the 
core limbs the Sl within them must have been passively rotated 
to form a high angle with $2. 
- 49 - 
Figure 4:32 
The nature of D2 deformation towards the northern half of the 
wastal section. 
Note that lensoidal lithons, in whichD2 folds are preserved, are 
surrounded by highly attenuated SI. 
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Throughout the area in which D2 structures are preserved 
there is a strong stretching lineation which is parallel to the 
F2 axes. This parallel development must place considerable 
constraints on any model of the D2 fold mechanisms. 
Many D2 structures have a lenticular geometry (Figure 
4:33), the most obvious being the lenticular lithons described 
above. However, many of the other fold styles grade out into 
the surrounding attenuated, planar Sl/S2 and the general shape 
of the area in which folding occurs is lensoidal. 
In the literature there are two models dealing with the 
development of the D2 fold system in Perthshire (Harris et.al ., 
1976; Roberts, 1977). Although these models were developed for 
an area which is widely separated from the coastal section they 
must be considered as the fold systems in the two areas exhibit 
nearly identical features (D. J. Fettes, pers. comm.). 
Harris et. al. (1976) proposed a model whereby D2 folds 
are produced by simple shear acting close to the plane of SO. 
The geometry of this model is best described visually (Figure 
4:34). This model can account for the following features of 
the D2 system:- 
General attenuation of Sl with little, if any, shortening 
of SO thickness. 
The wide spacing of Si in the fold cores whilst on the 
limbs it is attenuated. 
Lithon development. 
The almost total dominance of one direction of vergence. 
V) The apparent absence of any folds larger than 3m. 
- 50 - 
Figure 4:33 
The notably lenticular nature of D2 lithons, Portlethen. 
Note how even in this state all the lithons show D2 folds with the 
same sense of vergence. 	 - 
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The clear difference in the state of strain between core 
and limb of D2 folds, as seen in thin section. 
The apparent absorption of D2 strain within 52 planes 
once this cleavage has formed. 
The overall lenticular nature of many D2 structures. 
However, this model cannot explain the following features: 
The variable state of Sl attenuation before folding. 
Largish D2 folds with parasitic small D2 folds. 
The stretching lineation parallel to the fold axes. 
The close continuous fold style (see above) in which 51 
is attenuated on both limbs. 
V) Lithon stacks that involve U shaped rather than S shaped 
folds. 
An alternative model was developed by Roberts (1977) in 
which the folds are produced by the more conventional 
mechanisms of compression and buckling. He argued that the 
northward decrease in the spacing of Si in Perthshire was due 
to increasing Dl strain, not superimposed D2 strain. 
Compression acting on already finely spaced 51 would result in 
buckling with 51 spacing coarsened in the fold core and further 
decreased on the limbs. This model can account for the 
following features of the D2 system: 
i) The variable state of Si attenuation before folding, 
though perhaps not on a local scale. 
- 51 - 
Largish 02 folds with parasitic arrangements of minor 
folds. 
Some features of the lithon stacks. 
The close continuous fold style. 
V) A stretching lineation parallel to the fold axes. 
Vi) The different spacing of Sl in the fold core and limbs. 
However, it cannot explain the following features: 
The variable state of strain between fold core and limb. 
The lack of SO shortening. 
The almost total dominance of one direction of vergence. 
The absence of any folds larger than 3m. 
- As outlined and emphasised above, there appears to be a continuous 
range of 02 fold styles with the end members being buckle folds and shear 
folds. Within a single small exposure it is frequently possible to. find 02 
folds in close proximity which appear to have been produced in the main by 
either buckling or shearing mechanisms. DWspite their close proximity these 
folds, although of comparable sizes, do not interfere with each other. 
The mechanisms that produced this range of fold styles must have 
operated at the same time (ipso. the lack of interference) and any model that 
involves the complexities of both shearing and buckling stresses operating 
with varying effectiveness over such small intervals as those that separate 
the different fold styles is rejected on the basis that they are 
unnecessarily, and probably erroneously, complex and certainly unesthetic. 
- 52 - 
A simple, and inherently esthetic model involves small but 
nevertheless significant variations in the competence of the rocks in areas of 
"buckle" and "shear" folding. An example of this is provided by Figure 
4:29b. In the centre of this photograph, which is of a beach boulder, is a 
caic silicate band distinguishable by its pitted weathering. On either side 
of this band there is gritty psammite of an apparently similar nature. Below 
the calc silicate band the SI spacing is generally very fine and the 02 folds 
are of the "classic" shearing style with axial planes sub paralleled with 
bedding (the calc silicate). Above the calc silicate the Si is more coarsely 
spaced, the state of 02 strain is obviously less and the 02 folds are of a 
buckling style appearing to "root" at the calc silicate. Further away from 
the caic silicate the SI spacing becomes finer and the folds more like the 
"classic" shear style but still their axial planes are it a Ifigh anjle to 
bedding. Either the psammites on either side have some significant difference 
in their competences or the presence of the calc silicate band (with obviously 
different properties) has affected the deformation in a fashion that is 
disproportionate to apparent significance. Very few examples of such 
contrasts in fold style can be attributed to the presence of calc silicate or 
other incompetent beds/bands and on the whole the variations in psammite 
competence must be the controlling factor. 
With the subsequent recrystallisation of quartz and other minerals 
during the main metamorphic event (see page 48) most of the textures that 
would allow a rigorous investigation of the effects of competence variation 
have been destroyed. A theoretical and necessarily mathematical investigation 
may be possible but was beyond the time available too and the mathematical 
limitations of the author. Nevertheless it is thought that the modification 
of the basic Harris et al (1976) shearing model by the inclusion of variable 
competence could be used to explain all the variations in D2 structure 
- observed during this study. 
Accepting that competence contrasts have a dominant effect on the 
style of D2 folding it is interesting to examine the interdevelopment of D2 
folds and 82. S2 is generally a spaced cleavage formed by the extreme 
attenuation and amalgamation of several Sl pressure solution planes in a 
distinct zone, reinforced by S2 pressure solution. As a general rule it is 
observed that the more abundant and intensely developed the associated 82 the 
more open the D2 fold (an example of the contrast is provided by Figure 4:20a 
where there is a near isoclinal D2 fold with no associated cleavage next to a 
much more open style fold with associated 82). It appears that when 82 is 
developed the strain is accommodated within the 82 band and the tightening of 
D2 folds is retarded. The bands of 82 with their shearing origins and more 
micaceous compositions act as less competent components of the fold systems 
and absorb D2 strain. 
Thus it is considered that whilst the D2 system as a whole is the 
result of simple shear acting close to the plane of bedding (thus producing 
the general attenuation of Sl with little, if any, shortening of bedding 
thickness) the actual shape of the resultant D2 fold is controlled by the 
local effects of competence contrasts and timing of S2 development. The 
dominant style of folding will be, as is observed, shear folds but a whole 
variety of shear/buckle fold styles can be produced depending on local 
conditions. The important feature is that these folds are developed during 
the same de-formation episode and do not interfere with each other. 
4;3 Deformation 3 
The distribution and development of 03 structures can be 
conveniently studied by dividing the coastal section into four 
areas. 
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4:3a ä' LLithpè€Bürñ 
Over most of this area the only D3 structure seen is a 
sporadically developed 'quartz-rib' segregation cleavage 
(Figure 4:35a) that is restricted to siliceous semi-pelites. 
It is composed of 1 to 2mm thick quartz rich ribs spaced about 
2 to 3mm apart. In thin section these ribs do not have 
particularly distinct edges (Figure 4:35b), their visual 
distinctiveness in the field appears to be due to their 
resistance to weathering. This cleavage always dips about 20 0  
more steeply north than 30/81 and is orientated about 
070/86 0 N. It does not change its orientation across Dl fold 
hinges and therefore, clearly postdates Dl. It is folded by D5 
and cut by S5. D2 structures are not developed in this area, 
therefore, the age of this cleavage relative to D2 is unknown. 
However, (see below) further to the north it can be shown that 
the cleavage postdates D2. 
D3 folds occur in only two areas along this part of the 
coastal section. The first is about 250m south of Red Man, 
where there are three NW/SE trending felsite dykes which pinch 
out away from the sea. At the beach end of the southern-most 
of these dykes there is a small area in which D3 folds are 
developed. These are small isoclinal folds that plunge 10-20 0 
towards 250 and have wavelengths of between 10 and 20cm. With 
the lack of relief and inadequate exposure to define relative 
limb lengths, it is impossible to determine any sense of 
vergence. Associated with these folds is an axial planar grain 
alignment cleavage which overprints 81 in the fold cores but 
reinforces it on the limbs. The axial planes are orientated 
073/70 ° N. 
These folds also occur between Sam south of, to 150m 
north of Red Man. D3 folds are found sporadically over all 
this area but are particularly well developed near some small 
ridges that stick up through the shingle beach about 70m north 
Of Red Man (Figure 4:36a). About lSin north of these ridges, 
- 54 - 
Figure 4:35 
(a) Photomicrograph (x25) of the 52 quartz rib segregation 
cleavage, showing up as clearer bands, Red Man. 
Note how the Si cleavage, which has been!crenuiated by D5, is 
cut by the S3 ribs. 
Figure 4:35 
(b) The S3 quartz rib segregation cleavage (near vertical), Red 
Man. 
The other cleavage, dipping steeply to the left is the Sl 
solution cleavage. 
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Figure 4:36 	 H . 
(a) Near isoclinal D3 folding between Red Man and Limpet Burn. 
The curvature has been caused by post D5 warping. 
Figure 4:36 










just below the high tide mark, there is a large antiformal D3 
fold with a wavelength of 15m. Here, on a surface between a 
thick pebbly grit bed and a pelitic bed, there are well 
developed mullions (Figure 4:36b). These are coaxial with the 
fold and plunge 26 0 towards 241. This fold, and the abundant 
smaller folds that surround it, have a well developed axial 
planar grain alignment cleavage, composed of flattened quartz 
and feldspar grains with aligned chlorite, moscovite and 
biotite flakes. In a few places there are also the beginnings 
of a finely spaced pressure solution cleavage. All the folds 
in this area are isoclinal with a wavelength generally between 
10cm and im, though there are two larger examples: the one 
described above and another, with a wavelength of 7m, some 50m 
south of Red Man. The axial planes are orientated 069/70°N and 
the folds plunge between 15 and 30 0 towards 240. Because of 
the lack of vertical relief it is impossible to determine any 
sense of vergence. These isoclines clearly fold Sl and are 
themselves folded by D5 and cut by S5. As D2 is not developed 
in this area its relationship cannot be determined but the 
major episode of porphyroblast growth, shown to be post D2 in 
the area just to the north of here (see details below), 
predates the development of both the cleavage associated with 
this fold and the segregation cleavage. 
4:3b Limpet Burn - cobble Boards 
There are no D3 folds developed in this area but s3 
cleavages, though rare, occur throughout the area. They are 
slightly more common to the south of Muchalls. S3 is usually a 
segregation cleavage composed of thin quartz rich ribs, about 1 
to 2mm thick, spaced at 2 to 4mm intervals. It is restricted 
to siliceous semi-pelites. In addition to this habit there is, 
in the area around Mill of Muchalls, an S3 cleavage developed 
in pelites that contain staurolite, garnet and biotite 
porphyroblasts. This is also a segregation cleavage but is 
marked by bands of white mica (Figure 4:37b), about 3mm thick, 
spaced at anything up to 1cm. No folds are associated with 
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Figure4:37 
(a) The 83 quartz rib segregation cleavage being folded by D5, 
Dobnie Point. 
Figure 4:37 
(b) 	The relationship between 81, 83 (mica segregation) 85 and F5, 
Mill of Muchalls. 
Figure 4:37 
(c) A close up of 4:37b. 
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either of these segregation cleavages. 	They maintain a 
constant angle to the s0/sl/82 fabric so that in the steep 
belt, where this fabric is orientated 070/70 0 u, $3 dips 20 0  
more steeply north and in the flat belt, where the S0/Sl/52 
fabric is subhorizontal, S3 dips 20 0 more steeply north. Thus 
these cleavages postdate D2 and are rotated by the D5 Downbend 
structure. This post D2 - pre D5 age can be demonstrated on a 
local scale (Figure 4:37a,b,c). The quartz rib segregation 
cleavage is clearly the same fabric as that found to the south 
Of Limpet Burn, but here, unlike at Limpet Burn, it can be 
shown to postdate D2 and predate the main episode of 
porphyroblast growth. 
4:3c Portlethen-. dove Granite 
In the area between Cobble Boards and Portlethen, a 
distance along the section of 2km, no n3 structures were 
found. Small, wavelength 1 - 2cm, D3 folds are developed on 
the south side of Portlethen Bay (Figure 4:38a,b,c). This type 
of folding gradually becomes more common and more strongly 
developed northwards until a maximum wavelength of 5m is 
reached around Earnsheugh Tongue (Figure 4:39a,b). Throughout 
the area, however, the wavelength is rarely >lm and usually 
between 10 and 30cm (Figure 4:38a,b,c). These are generally 
tight near isoclinal folds but the interlimb angle is dependent 
on the lithology. In pelites and the -th.in.ly interbedded 
psammite and pelite sequences, which dominate the coastal 
section here, they are isoclinal or very tight, but in areas 
which have thick psammite beds the interlimb angle can be up to 
40 0 . These folds have a strong axial planar mica schistosity 
in pelites and a grain alignment cleavage in semi-pelites, 
composed of flattened quartz and feldspar grains with aligned 
muscovite and biotite plates. Only rarely does an $3 fabric 
penetrate into psammites where it is a weak pressure solution 
or fracture cleavage, with a spacing of around 5mm. The axial 
planes of these folds parallel the SO/S11s2 fabric and as the 
D3 folds become more fully developed $3 begins to dominate the 
sir 
Figure. 4:38 
(a) Near isocliAafb3foldsbf 1/2I6r€1etfién. 	- 
Note the S3 mica schistosity developed in pelites within the 
core. 
Figure 4:38 	. 	. 	..-- 
(b) D3 folds of quartz veins -. an axial planar S3 quartz rib 
segregation cleavage is developed in a semi-pelite, Portlethen. 
Figure 4:38 
(c) Multiple D3 folds with no obvious sense of vergence, 
Portlethén. 
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(a) A large D3 fold of a thick psammite bed, Earsheugh Tongue. 
Figure 4r39 










resulting Sc. The sheet dip of this Sc varies slightly (see 
Map 1) but is generally around 100/25 0 . The axes of the D3 
folds, which lie in this Sc, plunge gently towards 210 - 285. 
4:3d North of the Cove Granite 
Although this part of the section is disrupted by several 
large granite bodies (see Map series 2) there are areas, 
notably Cove Harbour, where the full deformational sequence is 
well displayed (Figure 4:40a,b,c,d). D3 folds developed in 
this area are insoclinal or very tight and generally have 
wavelengths in the order of 50cm to ha. Smaller or parasitic 
D3 folds are rare. The orientation of these folds is dependant 
on subsequent D4 folding, but on the flat limbs of these folds 
(the limbs corresponding to the sheet dip of the area) D3 folds 
plunge gently to around 210. A similar orientation to D3 folds 
to the south of the Cove Granite. These folds have a strong 
axial planar fabric, paralleling and reinforcing Sc on their 
limbs and overprinting Sc in the cores. In pehites this fabric 
is a mica schistosity whilst in semi-pehites and psarnmites (a 
hithology in which S3 is usually only developed within the fold 
cores) it is a grain alignment cleavage. 
These folds are clearly folded by D4 and themselves fold 
the early fabric (Sc). Whilst D2 folds are rare in this part 
of the section, and interference between D2 and D3 folds has 
not been seen, Sc is composed of an Si cleavage that has 
probably been attenuated by D2. On this basis these folds are 
considered to fit into the D3 slot in the deformatjona]. 
sequence. 
4:3e Relative Ages of the Various D3 Structures 
Although the structures referred to here as D3 (including 
the northern D3 folds and their associated axial planar 
cleavage, the S3 segregation cleavages and the isoclinal folds 
around Red Man) are all post - D2 and pre - D4 structures, and 
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all postdate the major period of porphyroblast growth, they do 
not appear to be the producers of a single deformation episode. 
In general the relationship between the S3 segregation 
cleavages and the D3 folds is unknown because this cleavage is 
not developed in the main area of D3 folding, i.e. north of 
portlethen. However, about lOOm north of Red Man, in the 
region of some prominent D3 boudins, the D3 folds clearly fold 
the segregation cleavage. This is, however, the only locality 
at which such a relationship can be shown. 
Although the Cove Granite produces a break in the 
structural succession there is no doubt that the D3 folds north 
of the granite are related to those to the south. The minor 
differences in style between the folds in these two areas are 
to be expected since to the south of the granite there is a 
progressive northward intensification of the D3 deformation. 
The D3 folds of Cove merely reflect this trend. 
The area of D3 folding around Red man is separated by 
several kilometres from the main area of D3 folding, north of 
Portlethen. There must, therefore, be an element of caution 
about a correlation between these two areas, especially as 
there are subtle but significant differences in the styles of 
folding and cleavage. 
4:4 D4 Episode 
To the south of the Cove Granite there are, in some 
pelites, gentle, symmetrical crenulations of the sl/s2 fabric 
(Figure 4:41). These are folded by D5 and therefore, were 
developed between the D2 and D5 episodes. To the north of the 
Cove Granite it is obvious that these crenulations belong to an 
episode of folding that postdates the D3 folds (see below), 
although to the south of the granite this relationship is not 
obvious. The crenulations are developed as far south as Doonie 
Point, but are very rare south of Newtonhill. They gradually 















The D4 stretching lineation, Portlethen Bay. 
become more common northwards, till to the north of Rippiecass 
Craig they are very abundant. In the south the crenulations 
are usually only preserved in thin pelite bands that are 
surrounded and protected by thick psammite beds. To the north 
of Cobble Boards they gradually appear in thicker pelite beds. 
This pattern of distribution appears to be a function of two 
factors: - 
the stress producing the crenulations was evidently 
stronger to the north, and 
the northward decline of D5 deformation. D5 produced a 
strong crenulation cleavage in pelites which partially 
destroyed pre-existing fabrics, a process to which a 
weakly developed crenulation would be expected to be very 
vulnerable, except where the pelites are thin and well 
protected by thick psaminite beds. 
Wherever these crenulations are developed there is an 
axial lineation marked by a reorientation of some micas oblique 
to the Sc fabric. There is no axial planar fabric to these 
crenulations other than this limited reorientation of some 
micas. The axes of these folds lie within the Sl152153 
fabric. They are clearly folded by D5, but when measured on 
the flat limbs of D5 folds, they have a remarkably consistent 
orientation of 120 - 300 throughout the area. 
To the north of Cobble Boards this crenulatjon/ljneation 
becomes progressively stronger. At Portlethen Fisheries a very 
weak stretching lineation, paralleling the crenulations, is 
developed in some psammites. This also becomes stronger 
northwards till, by Blow Up Nose, it has almost totally 
destroyed and replaced the L2 stretching lineation. It is 
marked by elongate quartz and feldspar grains and parallels the 
crenulation lineation in the pelites (i.e. 120 - 300). 
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To the north of the Cove Granite, notably in the area of 
Cove Harbour, this crenulation/li neat ion is seen to be coaxial 
with a series of much larger folds. These folds are close in 
style and have wavelengths ranging up to 20m. Although the 
crenulations can be quite intense in the cores of these folds 
there is only a very limited development of an axial planar 
fabric. This fabric consists of a mica schistosity in pelites 
and semi-pelites and a very rare weak grain alignment cleavage 
in psammites. 	This fabric, S4, dips at around 400 to the 
northwest. 	Throughout the area to the north of the Cove 
Granite there is a strong stretching lineation parallel to the 
axes of these folds. At several places there is a fabric in 
some granitic bodies that is parallel to the S4 fabric; less 
commonly there is a stretching lineation that parallels L4. 
In the region of Cove Harbour there are many clear 
examples of F3 being folded by these D4 folds, whilst to the 
south of the Cove Granite the L4 crenulation/lineation is 
clearly folded by the D5 (Downbend episode) folds. The gradual 
increase in the size and frequency of D4 folds to the north, 
coupled with a similar increase in the intensity of the L4 
fabric, suggests that the stress producing this deformation was 
greater to the north. 
4:5 Deformation 5 
A major D5 antiformal structure, referred to as the 
Downbend (DB), divides the coastal section into a belt of steep 
dips (70 0N) to the south and one of shallow dip (0 - 30 0S) to 
the north (Figure 4:42a). These are referred to as the steep 
belt and flat belt respectively. The axial trace of this 
structure cuts the coast at Castle Rock of Muchalls. As Figure 
4:42a shows, this fold is overturned to the south-east with its 
axial plane dipping at 45 0 to the north-west. Although D5 
minor folds are developed in a wide range of sizes, the largest 
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in any particular area, always verge onto the Downbend. There 
is no evidence of any major D5 structure to the north of the 
field area. 
4:5a Minor Folds 
Minor folds are developed throughout the area from 
Perthumie Bay to Cove. There is an asymmetry in their 
distribution about the axial trace of the DB but only 3km to 
the south (see Figure 4:42). There is also an asymmetric 
distribution around the DB in the maximum size and size range 
of D5 minor folds (Figure 4:42). In the flat belt they are 
developed on all scales from wavelength 0.5cm to wavelength 50rn 
and parasitic relationships between folds are common. In the 
steep belt there is no D5 fold with a wavelength larger than 5m 
and parasitic relationships are not common (i.e. most folds in 
this belt verge directly onto the DB). The maximum size of the 
D5 folds in any area declines away from the DB (see Figure 
4:42). As the present erosion surface does not cut the major 
fold symmetrically these asymmetric distributions could be due 
to a cut effect. However, it is thought that the scarcity of 
D5 parasitic minor folds to the south of the DB axis compared 
with their abundance to the north reflects some mechanical 
control. 
The interlimb angles of D5 folds vary from open to tight 
and reflect the physical properties of the host lithologies 
rather than distance from the DB (Figure 4:43a,b,c shows some 
different styles). In areas composed of thick psammite beds D5 
folds are rare and tend to be large with wide interlimb angles; 
90 - 120 0 , and few, if any, parasitic folds. At the other 
extreme are D5 folds developed in areas rich in pelite or 
composed of thinly interbedded psammite, semi-pelite and pelite 
sequences where they are much tighter, with interlimb angles 30 
- 40 0 and have many parasitic folds. 
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Figure 4:42 
(a) A sketch of the D5 fold system. 
(b) The asymmetry in the size of D5 folds along the coastal section. 
Figure 4:43 	 -- 
(a) Tight D5 folding from Doonie Point. 
Figure 4:43 	- 
(b) Open D5 folding also from Doonie Point. 
Figure 4:43  
• 	(c) The effects of competence differences between pelite and 
psammite bn.D5fold tightness, Doonie Point. 
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Within a thinly interbedded sequence there is a tendency 
for the psamiuite beds to maintain their thickness around a fold 
whilst the pelite beds accommodate the space problems by 
varying their thickness and developing a similar style. In 
sequences composed of thick psaramite beds with few pelites to 
absorb any space problems, the psammite beds are forced to vary 
their thickness and assume the similar style. Most folds are 
developed in lithological assemblages that lie between these 
two extremes and, consequently, the style of folding assumed by 
a particular bed may vary between concentric and similar. 
In General, D5 folds are approximately cylindrical with 
their average trend in any area being parallel to the axis of 
the Downbend. However, there are marked divergences from 
cylindrical shape, with the direction of plunge of some folds 
swinging through as much as 70 0 . Within these areas there is 
also a tendency for a divergence in the orientation of adjacent 
folds (see Figure 4:45a). 
4:5b Cleavages 
The type of D5 cleavage developed in any particular area 
is dependant on the host lithology (Figure 4:44a,b,c,d). All 
types are axial planar to the associated D5 fold. S5 is 
developed over almost all the coastal section, being absent 
only immediately adjacent to the Highland Boundary Fault. 
Thus, S5 extends well outside the area in which D5 folds are 
developed. 
In pelites there are two common types of S5 cleavage. A 
strong crenulation cleavage that varies between zonal and 
discrete, usually accompanied some recrystallisation of micas 
in the crests of these crenulations and in the axial planes, or 
a mica schistosity defined by a strong alignment of biotite and 
muscovite plates. Much less common, and restricted to very 
quartz poor pelites, is a segregation cleavage composed of well 
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(a) The S5 mica schistosity, Doonie Point. 
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Figure 4:44 
(L) The S5 segregation cleavage, Doonie Point. 
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(d) The recrystallisation of caic-silicate amphiboles into the S5 
plane, Doonie Point. 
Figure 7:7 	- 
(s) The autobreciated greenstone, JGS unit. 
Figure 7:7 
(b) Photomicrograph (x25) of the above horizon showing olivine 
phenocrysts. 
Figure 7:7 
(c) Photomicrographs (x25) of the vesicular greeristone, JGS unit. 
suggests that it may be a steeply north dipping reverse fault. 
7:2d jasper and Greenrodk Seiieà Unit 
The JGS is exposed for 730m along the river and; as the 
river runs roughly normal to lithological banding/bedding; 
which is nearly vertical; this is roughly the true thickness 
of the unit. There are however; at least two generations of 
near isoclinal folding which must result in repetitions of the 
sequence. Other parts of the sequence may have been removed 
or repeated by numerous small faults that cut this unit. The 
actual stratigraphic thickness of the unit is therefore; 
impossible to ascertain. 
This unit has, on lithological grounds, been divided into 
three parts; the distribution of which is shown in Figure 
7:4. The southern part of the unit consists of three separate 
pillow lava flows separated by massive; poorly cleaved 
greenstones (lavas or sills?) and shaley greenstones with thin 
cherty seams (sediments?). At one point there is a lm thick 
band composed of angular; grain supported fragments of massive 
greenstone within a shaley greenstone matrix (Figure 7;7à ; b). 
This may represent a rubbly or scoraceous horizon between a 
massive greenstone to the south and a pillow lava sequence to 
the north. To the north of the pillow lavas there is a 
succession of massive, poorly cleaved greenstone horizons, 
frequently vesicular (Figure 7:70 (sills; lava flows?), and 
shales with thick, continuous beds of red cherts 
(sediments?). 	Northwards these pass into a succession of 
thinner massive greenstone horizons 	and shales with 
discontinuous seams and partings of chert and chlorite. At 
the northern end of the unit there is a greenstone 
conglomerate which is discussed in detail in the next section. 
Distinct pillow shapes have been found at three 
localities and in all these cases they indicate that the 
sequence youngs to the south. However; since this unit has 
stile 
a rather curious pebbly limestone (see Figure 7:5). This unit 
has been deformed at least four times (summarised in Figure 
7:14). The earliest structure is a strong grain alignment 
cleavage marked by flattened quartz and feldspar grains and 
aligned muscovite and chlorite plates. This cleavage is 
subparallel to bedding and, because of subsequent folding; its 
facing direction alternates between north and south with 
neither direction dominant. The outcrop pattern is dominated 
by a large 02 fold; a gently east plunging anticlinal 
antiform ; which has developed numerous parasitic folds in its 
core (see Figure 7:4a). The bedding youngs to the north on 
the northern limb and to the south on the southern limb. Two 
sets of crenulations were developed subsequent to the D2 
folding. The first set are very finely spaced and plunge 
steeply northwest whilst those of the second set are more 
open; slightly larger and plunge gently west. The orientation 
of the linear structures is shown in Figure 7:6 and the planar 
structures in Figure 7:4. 
Throughout this unit there are numerous small faults both 
parallel with and oblique to bedding. These appear to 
postdate at least the 02 event. 
7:2c Contact Between Southern Margie and JGS 
This contact occurs about 15m north of the pebbly 
limestone of the Margie unit. The contact is not exposed on 
either bank and cannot be approached closer than Sm. However; 
there is vertical exposure on either side of the contact which 
indicates that it must be near vertical, and be parallel to 
bedding in both the Margie and JGS. Close to the contact the 
Margie youngs to the north whilst the closest locality at 
which younging can be determined in the JGS ; where it is to 
the south; is about 100m north of the contact. It appears 
that from this locality to the contact is all part of one limb 
of a large 02 fold (see Figure 7:4). It is unlikely; 
therefore, that the contact is conformable. Barrow (1901) 
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Figure 7:5 
(a) Photomicrograph (x25) of the pebbly limestone, South Margie. 
Figure 7:5 
(b) D2 folding, South Margie unit. 
Figure 7:5 
(c) Close up of the above folds, showing Si folding by the D2 
folds, South Margie. 
Note the weak development of S2 in the fold cores. 
history (Johnson and Harris 1967). The stratigraphic age and 
order of the various units within the HBS is still a matter of 
debate (Barrow 1901; Pringle 1941; Downie et. al. 1971; 
Henderson & Robertson 1982; Curry et. al. 1982). 
7:2a Contact Between the did Red Sandstone Séuéndé 
I 
 and Ehé 
Southern Margie Unit 
The ORS adjacent to the Southern Margie unit is not the 
typical association of red sandstones; shales and 
conglomerates but a deeply weathered acidic tuff - the 
Lintrathen Porphyrite (Barrow 1901). The contact is poorly 
exposed on the west bank where it is nearly vertical or dips 
steeply southward. Bedding in the Margie; which trends 
003/30°W at this point ; makes a 400  angle in strike with the 
contact. 
Because the Margie has been multiply deformed and bears 
the imprint of a very strong early cleavage; which the ORS 
does not ; and there is an angular discontinuity; the contact 
must be either a post deformational fault (Barrow 1901) or 'an 
unconformity (Henderson & Robertson 1982). With the poor 
nature of the exposure it is difficult to decide between these 
two possibilities but there is no evidence of any crushing or 
other disruption that might accompany a large fault. 
7:2b Sduthern Margie Unit 
This unit is exposed, across strike, 'for 470m. Details 
of the various lithologies and structures are given in the 
accompanying log. The southern part of the unit is dominated 
by buff and red brown weathering grits with thin beds of cream 
and red shales. Northwards the shales gradually become more 
important and their colour changes to grey. In the northern 
part of the unit, shales predominate whilst the grits are 
frequently carbonate cemented and there are thin bands of 
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A Cross-section throujn the traverse shown in Figure 7:4a (inside 
back pocket) - 
	
25m 	buff grits with a little light and 	Fl 80 0 to 282 0 
dark grey shale. Younging to the south 
30m 
20m 	buff grits and dark grey shales 
Abundant D2 folding 
25m 
5m 	buff - grey grits 	 SO 100/50°N 
Abundant D2 folding Si 070/60°N 
F2 20 0 to 273 0 
1Dm 
1Dm 	interbedded grits and grey shales 
SO on a 10-50cm scale 
Abundant D2 folding 
15m 	heavily weathered grit and shale 	 so 078/72°N 
Si 909/86°N 
50m buff grits with shale partings 
60m 	dominantly grey shales with thin buff 	Sc 070/70°N 
grit 
20m buff - grey grits 
Abundant F2 folding 
70m 	poor exposure of grits and shales - 	F2 15 0 to 280 0 
very deeply weathered 
35m 
5m grey shale 
No further exposure in the stream. 
7:2 	Glen Esk 
The Highland Border Series (HBS) as it outcrops along the 
River North Esk, Edzell, consists of two units of psammitic 
grits, shales and limestones separated by a complex of lavas, 
pillow lavas, cherts and green shales collectively known as 
the Jasper and Green Rock Series (JGS) (Barrow 1901) (see 
Figure 7:4). The two gritty units are traditionally 
correlated with the Margie Series (Barrow 1901; Anderson 1942, 
1947). All three units have suffered the same deformationa]. 
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Si has been folded by a series of close; sharp crested 
folds which plunge gently west. Associated with these folds ; 
but also developed in areas without 02 folding; there is an 
axial planar fabric marked by a combination of mica 
schistosity and grain alignment cleavage; This cleavage dips 
600 northwest; Figure 7:2 contains photomicrographs of some 
of the lithologies from this section and some of the various 
forms assumed by $1 on 52. 
Sedimentary and Structural Log 
The section was measured from south to north. 
The contact between the OHS and Margie (not exposed) occurs 
about 150m above the road bridge [567 701]. 
Sm blue grey grit -buff with purple tint 
on fresh surface. Quartz grains 
flattened in Si. 
no  
3m buff grits and grey shales 
Spec. Ma 1 - psainmite. 
P2 10 0 to 240 0  
Sc 074/82°S 
2m quartz pebble conglomerate. Clasts size 
range up to 1. Scm, mainly vein quartz 
with a little feldspar. Epitaxial cement. 
40m 
20m grey to buff grits with thin grey shales. Sc 0671800$ 
Specimen Ma 2 shaley grit $2 060/60 0 5 
Specimen Ma 3 grit 
30m 
Sm buff grits - no shale 	 Sc 160/56 0W 
P2 60 ° to 254 0 
40m buff grits which at the north end 
young southwards 
25m pale cream grits 




Photomicrograph (x25) of a typical Margie grit. 
Note the well rounded nature of many of the quartz grains which are 
set in a very fine matrix of quartz and layer lattice minerals. 
Figure 7:3 
Photomicrograph (x25) of the Sl/2 relationships, shaley grit, 
Margie Burn. 
Sl parallels the lithological banding (bedding) from upper right to 
- lower left - marked by the elongation of quartz grains. S2 is a more intense 
cleavage, running left to right. 	 - 
Figure 7:3 
Photomicrograph (x50) of the Sl grain, alignment cleavage, 
Margie Burn. 




A - Fl refolded by F2 
B - 82 refracting between 
grit and shale beds 
shale 




shale _ 	 Si grit 
D2 folding 
	 10cm 
C - within grit $2 only developed 
In fold cores 
FIGURE 7/2 
FiGURE 7:2 	sketches of various structures from Margie Burn 
7:1 	Margie Burn 
This is the type section used by Barrow to describe the 
Margie Series. In the relevant portion the Margie Burn runs 
due south; almost normal to the strike of the Margie Series 
which is intermittently exposed over a distance of 675m. 
The most southerly exposure of the Margie Grits is some 
ThOm upstream from the road bridge over Margie Burn [567 
701]. The ORS to the south of the Margie is composed of red 
sandstones; shales and conglomerates but its contact with the 
Margie is not exposed. 
The Margie is composed of interbedded buff grits and grey 
shales becoming generally more shaley to the north. At one 
locality there is a 2m bed of conglomerate composed entirely 
of 1-2cm quartz pebbles with a quartz cement. A brief 
description of the various lithologies and the orientations of 
the various structures are to be found in the log accompanying 
this section. Figure 7:2 contains field sketches of various 
interesting structural relationships. 
The northern contact of the Margie is not exposed and 
there is a gap in the exposure of about 1km before the most 
southerly exposure of the Dalradian Grits is encountered. 
Younging, as indicated by graded bedding, could be 
determined at only two localities. In both cases the 
direction of younging was to the south. 
Throughout the unit bedding generally strikes 070 and 
dips steeply north or south. Subparallel to SO there is a 
strong grain alignment cleavage (51) associated with rare 
isoclinal folds which plunge steeply W to NW. 	The SO/Si 
intersection lineation also plunges steeply northwest. 	At 
bath the localities at which younging could be determined the 
Si cleavage faced west. 
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FIGURE 7:1 	the location of the HBS sections examined 
in this study 
Highland border Series 
The Highland Border Series (HBS) (Barrow 1901) outcrops as 
lenticular pods along the Highland Boundary Fault (Nicol 1863); as 
shown in Figure 7:1. The BBS is composed of several diverse 
lithologies which; in the SE Grampians ; can be divided into two 
distinct units. The Margie Series of Barrow (1901) ; is a succession 
of immature ; clastic ; sialic turbidites, consisting of psammitic 
grits; pelitic shales and limestones, whilst the Jasper and 
Greenrock Series (JGS) (Barrow 1901); is composed of various basic 
igneous rocks; sedimentary greenstones; shales and cherts. 
Henderson & Robertson (1982) provide a summary of the various 
lithologies within the HBS along its entire outcrop. Although; in 
general; the BBS is poorly exposed between Glen Esk and Stonehaven; 
there are several stream sections where these rocks can be 
examined. The relative position of these sections is shown in 
Figure 7:1. Both the Margie and the JGS units have suffered a 
similar deformational history which appears to be largely 
incompatible with the sequence developed in the adjacent Dalradian 
(discussed in Section 7:8). In this chapter the contacts between 
the various units, their lithologies and structures as displayed in 
these sections, are described. In addition to the sections 
discussed below there are two quarries; at Clattern' Brig and 
Burnieshaig, that are now poorly exposed but excellent descriptive 
accounts of both are provided by Barrow (1901) and summarised 
below. Speculations as to the origin of the BBS, its relationship 
to the adjacent Dairadian Schists and its place in the history of 
the Caledonian orogeny are to be found in Chapter 8. 
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7 times between the top and bottom of the band and the angle 
between Si and SO, after deformation of 1 to 2 degrees 
indicates that strains of around X:Z of 50:1 are likely. 
Indeed, in the SW and Central Highlands there is evidence of 
strains as high as 100:1 (Roberts & Sanderson 1974; Shackleton 
1979). From this it is concluded that an estimate for the 
minimum distance of translation, of the nappe of 75km is 
possible. 
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responsible for the bulk of the transportation of the nappe. 
Such a situation was envisaged by Harris et. al. (1976) for the 
Tay Nappe in Perthshire. 
The 02 event postdates the Glen Mark Slide (Harte 1979) 
and thus there was probably an element of Dl transport along 
such slides during the evolution of the nappes. The movement 
of the nappes is probably somewhat more complicated than the 
situation envisaged by Harris et. al. (1976). The correlation 
Of D2 structures within both the Tay and Tarfside Nappes 
requires that the D2 event cuts across the Glen Mark Slide, 
which forms the boundary between the two nappes. If this is 
the case then the movement of the nappes during the 02 episode 
should be regarded more as passive blocks being transported on 
a movement plane than pervassive shearing throughout the nappe 
and a greater importance attached to Dl in the development of 
the nappes. 
Should the 02 event, indeed, be the main episode of 
transport then the orientation of the 02 stretching lineation 
(which is remarkably consistent NNW-SSE throughout the southern 
Dalradian) obviously suggests itself and the direction of 
movement. In this case the outstanding problem of modelling 
the 02 system along the lines envisaged in chapter 4, namely 
the orientation of a stretching lineation parallel to the axes 
of shear folds, can be removed. As the o2 folds develop the 
fold axes will rotate into parallelism with the movement 
direction, which is marked by the stretching lineation. 
If the 02 episode was indeed responsible for the bulk of 
the transport of the nappe it should be possible by examining 
this system to make some estimate of the distance of movement. 
An accurate assessment of the strain induced within the band of 
02 folding, which is about 2.5km thick at the coast, is 
impossible because of the local variability of the style of 
deformation. However, the reduction of spacing of 81 by about 
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The deformational history of the coastal section has been 
described in detail in Chapter 4 Figure 6 4 12 shows a 
reconstruction of the major structures as seen at the coast 
today and also shows those elements that may have been removed 
by erosion. This figure also shows the vertical disposition of 
the various fold episodes within this section. 
The direction of closure of the nappe cannot be directly 
observed. However, assuming that the Dalradian Nappe pile is 
formed by movement away from some root zone which now lies in 
the Central Highlands (6:6) and knowing that the coastal 
section lies on the lower limb of a nappe (4:1) the nappe must 
close to the north-east (see Figure 6:2). Prior to secondary 
deformation the main fabric (Sc) lay horizontal and thus; with 
the present southward dip of the flat belt, the northern parts 
of the section represent the structurally deeper parts of the 
nappe. 
From this reconstruction it can be seen that the 
deformation increased in intensity and complexity downwards. 
The upper portion of the section contains only Dl folds but 
moving deeper (i.e. northwards today) the effects of D2 become 
apparent. This episode becomes more complex; - and its 
deformation more intense, downwards; culminating in the 
development of small lithon lenses of relatively low strain 
surrounded by a high strain 51/52 fabric. Towards the base of 
the section (ignoring its limited development around Red Man) 
the effects of D3 become noticeable as a series of crenulations 
developing downwards into small, then large, isoclinal folds. 
The most intense and, for most of the section, the 
dominant deformation episode is D2 and it is tempting to 
conclude that; with the remarkable consistency in the geometry 
of these folds, their shearing origins and the development of 
an accompanying strong stretching lineation, this episode was 
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subducting under Oregon; USA) the subduction zone would 
have to be adjacent to the liSP ; a requirement shown in 
Chapter 8 to be untenable. 
d) 	Shackleton 1979:- 
This model attempts to reconcile the opposite facing 
directions of the nappes in the north and south of the 
Dalradian outcrop without recourse to an intervening root 
zone. Shackleton suggests that the Dl and D2 structures 
can be mapped out with accurate traces, being concave to 
the SW. This distribution is explained as large; sheath 
like nappes moving to the SW by gravity operated; down 
plunge flow, away from the Central Highlands plunge 
culmination. However; the ra stretching lineation has a 
consistent NNW/SSE trend throughout the Dalradian and 
this is difficult to reconcile with the proposed NE to SW 
transport direction. 
6:7 Aspects of the Evolution of the 
contains the Coastal Section 
The essentially complete exposure of the Stonehaven 
Aberdeen coastal section and its Orientation normal to the 
strike of bedding, as well as the axes of most of the fold sets 
provides an opportunity, unparalleled in the Dalradian, to 
examine the structure of part of a nappe. As the Glen Mark 
Slide is a Dl structure (Harte 1979) the post Dl evolution of 
both the Tay and Tarfside Nappes are likely to have been very 
similar. 
The deformational sequence within the Southern Dalradian 
Thih béTdivided into primary and secondary phases (as was done 
by Stringer 1957). At the coast the primary phase contains the 
D1 1 D2 and D3 episodes which all have axial planes lying 
subparallel to SO ; but are not coaxial. The secondary 
deformation includes the D4 ; D5 and D6 events which have axial 
planes that form moderate to steep angles with SO. 
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A) Roberts 1974 
Rising ontiform colapses under 
	
Moves off down-slope as a 
the influence of gravity 	 recumbent fold wiTh an 
untiformal root. 
I B) Bradbury et c( 1979 
Initial sedimentary 
sequence involves density 
invertion providing the 
driving force for nappe 
development. 
C) Shock(eton 1979 
Transport mechanism involves 
simple shear folds which 
translate higher structural 
levels to the south 
S, 
(11111 	Thermal & Structural high 
Arcuote nuppes induced by gravity 
flow off the Central Highlands 
plunge culmination and metamorphic 
high 
FIGURE 6:11 	a comparison of—various models for the 
evolution of the Tay Nappe 
the root zone is cut out by sliding (Roberts & Treagus 1979) 
and thus not exposed in the Central Highlands (a rather 
convenient, if not aesthetically satisfying state of affairs). 
On the basis of the sparse information available a few 
models have been proposed to explain various aspects of the 
origins, distribution and mechanisms of movement of the 
Dalradian Nappes. There follows a brief resume of the more 
important models to be found in the literature. Figure 6:11 is 
a visual comparison of these models. 
Roberts 1974:- 
This model was largely based on work carried out in the 
SW Highlands and involves gravity driven nappes moving 
simultaneously to the NW and SE with a mutual synclinal 
root. A nappe initiates as an upright antiform which 
collapses under the influence of gravity and extends 
horizontally by gravity induced flow. 
Bradbury et. al. 1979:- 
"The early formed Tay Nappe, nucleated at a relatively 
high tectonic level, was translated as a result of 
movements within a deep rooted rotation zone (the fan 
structure of the Tummel Steep Belt) progressively towards 
the SE principally by simple shear." The nappe was 
developed in response to the "density inversion of the 
Dalradian succession consequent on the pre-orogenic 
evolution of the Dalradian (marginal) Basin." with early 
stages of clastic and carbonate sediments being 
superseded by more dense, deep marine sediments. 
Lambert & McKerrow 1976:- 
A recumbent fold is produced by simple shear above a 
descending subduction slab. Although subduction zones 
with shallow angles are known (e.g. East Pacific Rise 
sir 
AS 	Apple Synclln. 	 BS 	Ballachullsh Slid. 
BA Boh.apic Antltorni 	 IBS 	litay Boundary Slid. 
:: :::: :°z:::: 
BLS 	Ban Lowers Synlorm 
CA Creed no hiolatre Anticline  




C 	 SBS Slob Bhan Synlorm 
SMS Sron Mhor Synlorm 4'./4Dk1 1 Oasis 
TMA Tom M.adholn Anticline 	 *°, 	44 Ste 
Penn 
V L iPIqAi S vY V v  





%*1 	 / 
C 	 V 
/ 
h ilt 	,4.4 	,/ 	 Major Slides 
Axial Planes 
	
\/ at OA 	 - 	 C-- -- 




L H AWE 	 X ANTIFORM OC
/ 7  SYNCLINE ARBERT 
MONOFORM 	
BEN LEDI I 00 
/ 
SOUTH - WEST 	
ANTIFOAM
i6 
Ftc. 5. Structural block diagram of major structures in the west Central Highlands. Faults between the Great Glen and the Highland border have been removed. 
6:6 EofiiEion of the Tay iappe: in Eh ce&rái and Soutliwest 
Highlands 
Almost all of the work that has been published on the 
evolution of the Dalradian Nappe pile has been concerned with 
the Central and SW Highlands. However, since it is probable 
that the Stonehaven L Aberdeen coastal section is contained 
within the Tarfside Nappe (6:4); a nappe whose structural 
evolution was extremely closely related to that of the Thy 
Nappe, it is informative to consider what is known of the 
evolution of the Tay Nappe outside the field area. Figure 6:10 
is a reproduction of Thomas (1979) fig 5 1 which is a block 
diagram showing the distribution of the major Dairadian 
structures in the Central Highlands from the GGF to the HEP. 
The Dl nappes in Tayside face SE whilst those in the 
Ballachulish area face NW, but no-one has been able to clearly 
establish the area in which these two sets of oppositely facing 
structures merge; (i.e. their mutual root zone). The current 
fashion (cf Thomas 1979) is to place the root zone within the 
Ossian Steep Belt. 
The situation in the SW Highlands appears to be more 
straightforward. The Dl Ardrishaig Anticline represents the 
anticlinal core of the Tay Nappe and faces SE whilst the Dl 
Islay Anticline faces NW. Between; and connecting these two 
structures is the Dl Loch Awe Synclinal complex. Thus in the 
SW Highlands the Dl nappes have a definite and shared root. 
It was formerly thought that the root identified in the 
SW Highlands extended north-westwards into the Tummel Steep 
Belt (Sturt 1961; Harris 1963). However, this structure is now 
known to be of D3 origin and to contain no major Dl folding 
(Bradbury et. al. 1979). The Ossian Steep Belt is a Dl 
structure and, as Thomas (1979) showed; the Thy Nappe can be 
traced north of the Tummel Steep Belt up to the Ossian Steep 
Belt. Alternatively it is possible that the NE extension of 
MEW 
thickening wedge. 	The extrusion of these lavas has been 
correlated with the peak of tectonic instability and are tak5if 
as indicative of incipient rifting (Graham & Bradbury 1981). 
Although the petrochemistry of these syn-Dalradian lavas 
does not allow for a distinction between models that require 
the existence of the Iapetus ocean prior to the deposition of 
the Dairadian (Dewey 1969; steward 1975; Wright 1976) and those 
which suggest that the ocean opened during the extrusion of the 
lavas (Phillips 1976; Anderson 1982), the synthesis of the 
distribution of sediments over the whole of the Caledonian 
terrain undertaken by Anderson (1982), indicates that the 
continental block, of which the Dalradian was a part, did not 
begin to break up until the Upper Dalradian, and thus strongly 
supports those models which suggest a late opening of the 
Iapetus. 
Although there is now general agreement that the 
Dalradian was deposited in an ensialic basin (that must have 
been stretching considerably in order to accommodate the vast 
sedimentary thickness of the Dalradian) into which basic 
volcanics, related to ocean floor development, were erupted, 
there is still disagreement as to the exact tectonic setting of 
this basin. Phillips et. al. (1975) and Harris et. al. (1978) 
used an analogy with the North sea Basin, though with the 
estimated thickness of 25km for the Dalradian pile (Harris et. 
al. 1978) the thinning of the continental crust under the 
Dalradian would have to have been much greater than for the 
North sea. This analogy with a failed arm has been seriously 
challenged by Graham & Bradbury (1981) who point out the 
similarity between the Dalradian volcanics and those of modern 
day back arc environments and their dissimilarity with the type 
of volcanics found in the North sea. 
EVOLUTION OF THE DALRADIAN BASIN 
+ 	+ 	 + 	4 	*
MOINE 	 + t 	+ 
Deposition of Grampian and Appin Groups on a 
gradually subsiding shelf 
- 
- - r- -. 	 - - ----- - 
During the deposition of the Argyll Group the 
shelf became unstable - development of a 
block and basin topology. 
At the base of the S. Highland Group the basins 
tectonic instability culminated in the extrusion of 
the Tayvallich lavas. The SHG is derived from a 
block of high metamorphic grade uplifted to S. 
Sedimentation from N is blocked by an 
extensive carbonate platform. 
FIGURE 6:9 	a model of the evolution of the 
Dalradian basin 
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FIGURE 6:8 	a synthesis of the stratigraphy and the 
sedimentary evolution of the Dalradian 
require that the wedge be underlain, at least in part, by 
oceanic basement. Contrary to this veiw the proximal nature of 
the sediments that compose the Southern Highland Group and its 
southern derivation (Phillips et. al. 1976; Ande4on 1982) 
suggests that an uplifted block of continental material formed 
the southern margin of the basin, at least during the 
deposition of the Upper Dalradian. 
Geophysical evidence (Powell 1971; Bamford et. al. 1978) 
and xenoliths from the Midland Valley Tertiary volcanics (Upton 
1978) indicate that for at least as far south as the Southern 
Uplands Fault the basement is of continental material. 
These observations have led to a reappraisal of the 
Dalradian basin as being ensialic, lying close to the Iapetus 
margin, but separated from that ocean ; as it was forming during 
the late Cambrian by an uplifted block of continental material 
(Phillips et. al. 1976; Harris et. al. 1978; Ander4on 1982). 
Within the framework of such a model it is possible to 
examine the evolution of deposition in the Dairadian basin 
(Anderton 1982) and the significance of the contemporary 
volcanics (Graham & Bradbury 1981). A synthesis of the views 
expressed in these works and that of Harris et. al. (1978) is 
provided in Figures 6:8, 6:9. The picture that emerges is of 
the deposition of the Grampian and Appin Groups on a stable but 
gradually subsiding shelf. During the deposition of the Argyll 
Group this shelf became unstable and increasingly affected by 
faulting which finally reduced the shelf into a series of fault 
bounded blocks and basins. After the deposition of the Jura 
Quartzites it appears that there were three episodes of basin 
deepening and associated volcanic eruption (Killiecrankie 
Schists, Farragon Beds and Tayvallich Lavas). The Tayvallich 
Lavas lie at the top of the Argyll Group and form a westerly 
The recognition of a northward younging succession 
adjacent to the North Esk Fault (6:1) forces the trace of the 
Glen Mark Slide to the north of the mouth of the Burn of 
Auchmull. Therefore, if the slide does cut the HBF, as 
suggested in Figure 6:6 model B, then it must do so somewhere 
to the east of Glen Esk. The exact trace of the slide in this 
area cannot be determined as the terrain is poorly exposed and 
further, it is suspected that the side juxtaposes the same 
lithostratigraphic units. * 
As the rocks of Aberdeenshire are the right way up, 
apparently representing the upper limb of the Tay Nappe (Read 
1955; Johnson 1966), and given that the Tarfside Nappe extends 
to the coast, there must be a major tectonic structure that 
cuts out the outcrop of the lower limb of the Tay Nappe between 
Stonehaven and ColJ.ieston. The most obvious candidates for 
this structure are the Dee Fault (Munro 1983) and the proposed 
north-eastward extension of the Glen Mark Slide (Harte 1979). 
Harte was able to trace the Glen Mark Slide, which he 
considered to be an early, probably Dl, structure, into the 
south-western corner of the Kincardine Granite but was only 
able to speculate on its possible north-eastwards 
continuation. He suggested that it probably passed through 
Deeside somewhere to the west of Banchory but that the exact 
trace would be very difficult to locate since the area is 
poorly exposed and the slide would juxtapose elements of the 
same lithostratigraphic horizon. it is likely that some 
combination of these two major tectonic planes results in the 
cutting out of the lower limb of the Tay Nappe, in which case 
the downthrow of the Dee Fault must be in the order of several 
ki].owetres to the north. 
6:5 Eàlü€±dñóf€hèTháltãdiãñ Deposi t ional B asin 
Dewey (1969, 1974) suggested that the Moine 	Dalradian 
succession was deposited as a continental rise classic prism 
along the NW margin of the Iapetus ocean. This model would 
- 86 - 
* The age of the Glen Mark Slide needs further consideration given the 
I 
 suggestion that it may cut out, at least part of, the lower limb of the 
Tay Eappe. 
The slide does not affect the outcrop pattern of the metamorphic 
isograds. As the regional metamorphism took place post 02 pre D3(see Chapter 
9) this provides a minimum age constraint. As recognised by Rarte (1979) the 
slide separates two oppositely facing successions and, therefore, it must 
postdate at lease one episode of folding - it cannot be older than Dl. (only 
folding can produce opposite facing, it cannot be produced by any kind of 
faulting). 
The question therefore centres on whether the slide is pre, post 0. 
 r 
syn 02 in age. I personally do not think that, as yet, there. is enough 
information about the slide to decide between these options. If as suggested 
the slide cuts through the major regional structures (cutting out the lower 
limb of the Tay tappe) which, as discussed later in this chapter, are 
composite structures incorporating the 02 shearing deformation, then to cut 
across the structures at the angles envisaged the slide must postdate 02; 
otherwise it would have been sheared into parallelism with s/S 1 /5 2 . 
I However, this attitude.of the slide is a suggestion not an observation. It. 
may well be that the slide is parallel to S /S1/S2 - the answer awaits 
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The traditional view (Shackleton 1957) was that it lay in the 
lower inverted limb of the Tay Nappe but this had been 
questioned by Harte (1979) with his observation of a right way 
up stratigraphic succession in Tarfside, a succession which 
lies structurally below the Tay Nappe and also lies between the 
outcrop of the Tay Nappe in Perthshire and this field area. 
Given the information available at this time there are 
two possible models of the structure of the south-eastern 
Dairadian. These are shown in Figure 6:6. The tracing of a 
continuous lithostratigraphic boundary from the coast into 
Tarfside (6:2) and the consequent interpretation of the 
stratigraphic succession at the coast as being the right way 
up, leads to the acceptance of model B, i.e. that the outcrop 
of the Tarfside Nappe extends to the coast. 
Given this conclusion it is then necessary to consider 
the trace of the Glen Mark Slide (GMS), the surface identified 
by Harte (1979) as the tectonic boundary between the Tay and 
Tarfside Nappes. Figure 6:7 is a reproduction of 1-farte's 
figure 1 and shows a synthesis of the regional geology both 
before and after his work. As he states on page 227 "In fig lb 
the GMS, from its constrained position between oppositely 
younging Tarfside Group outcrops, is extended southwards and 
eastwards to the Highland Boundary through ground unmapped by 
me. The position indicated for the slide is suggested by the 
following features:- 
the sudden disappearances of the greenbeds. 
the shape of the grit outcrops in fig la. 
the recognition by Anderson (1942) of a major reversal in 
bedding in the area near the termination of the greenbeds. 
the ending of a distinct slate belt within the grits just 
north of the HBF". 
Close to tight, asymmetric folding, with axial planar 
mica rich seams (pressure solution cleavage) found in 
psammites. The effects of D2 in pelites are difficult to 
distinguish from subsequent deformations. Large D2 folds 
are rare. The dominant process in the production of D2 
folds appears to have been shearing, resulting in a high 
degree of modification of Si to produce, with $2, a 
strong composite cleavage which is the dominant planar 
fabric, particularly in psammitic rocks, throughout the 
region. A strong stretching lineation parallels the fold 
hinges and throughout the area (ignoring the Downbend 
effects) is orientated NW-N/SE-S. 
Close to tight folds with a strong axial planar 
schistosity which locally forms an important part of the 
Sc. 	The orientation of fold hinges is variable but 
generally NE/SW. 
The major fold of this structure is the Downbend, the 
axis of which is sub-parallel to the line of the HBF. 
This structure divides the Southern Dalradian into a belt 
of steep dips adjacent to the HBF and one of flat dips to 
the north. In Perthshire it is a monoclinal structure 
but moving east it becomes a south- eastwardly overturned 
antiform. In the east the folds associated with this 
structure are generally restricted in their distribution 
so that they occur within a few kilometres of the axial 
trace. However, their extent increases markedly to the 
west. In style they are open to close with, in places, 
strong axial planar crenulation cleavages or mica 
schistosities which generally dip at around 40 0 to the NW. 
6:4 the Position of the fléld Aréà qiEhih thi baTrdfr 4áé Pile 
and the Trace - of the Glen Mark Slide* 
Before this study the position of the field area within 
the Dalradian Nappe pile was largely a matter of conjecture. 
FA 
North Glen Esk and Glen Lethnot 	 Stonehaven Coastal Section 	 Collieston 
(synthesised from Harte and Johnson 1969) 	 (Mendum pers. comm.) 
Dl: Almost isoclinal folds with penetrative axial planar 
schistosity. 
D2: Prominent lineation trending NNW-SSE. 
Dl: Isoclinal folding - rarely seen usually predicted 	Dl: Tight to isoclinal medium scale folds E facing. 
from changes in younging direction. Cleavages axial Axes plunge gently north. 
planar or fanning, downward facing axes curvilinear. 	Spaced cleavage dips! 12-20 0 E (varies NE-SE). 
plunging gently or steeply east. 
P2: Shear folds - 55E geometry. 	 D2: Regional P3 
Weak axial stretching lineation trending N/S. 	 (deformation limited to southern part of the 
52 is a mica stripes in psassaites also strong collieston section) 
modification of $I to form Sc-Sl/52. 	 Open to tight folds - minor to medium scale verie 
west. 
Axes plunge gently N to NNE to S to SS 
Variably developed cleavage dip- as axni pia:iec 
D3: Close to tight asymmetric folds with axial planar 
schistosity or microfolding of the earlier 
schistosities. 
Fold axes generally E-W to NB-SW (variable) 
P4: Monoclinal folds, kink bands. 
Axial planes strike NE-SW. 
PS: Monoclinal folds. 
Axial planes trend WNW-ESE. 
Da: Tight to isoclinal folding. 
Strong axial planar mica schistosity, locally 
important in Sc. Rare segregation cleavage. 
P4: Folds and crenulations - axes subborizontal trending 
120. 
Micas lying oblique to Sc and an axial stretching 
lineation, becoming stronger to N. 
PS: Dowithend 
Close folds - subhorizontal axes  trending 040 - 060. 
Strong mica schistosity and crenulation cleavage, 
axial planar dipping 40-NW. 
D6: Gentle folds and warps N/S axes. 
Open folding  subhorizontal axes trending NE/SW with 
an axial planar fabric dipping 50-SE consistent 2SE 
geometry. Boudingaging of granite veins. 
late warps - minor and rarely seen. 
BEN LEDI - LOCH LOMOND 	 DUNKELD 	 Glen Clova 
(Mendum and Fettes - pers. comm.) 	(synthesised from Harris et. al. 1976) 	(synthesised from tiarte and Johnson 1969) 
Dl: Open to tight molar folds and rarely seen minor folds 	Dl: Close folds with curvilinear hinges verge on a major Dl: Long limbed, almost isoclinal folds penetrate axial 
Axial plunge variable but overall gently ENE. 	 downward facing synform to SE. Cleavages 	 planar schistosity. 
Dominant fanning pressure solution cleavage ($1) in 	 (a) pressure solution cleavage fans (convergent) - 
greywacke psarrwnites and grits. Slaty cleavage 	 downward facing 
(foliation) in pelitic horizons. Folds generally (b) grain alignment cleavage - axial planar 
face downwards on 51. 	 extension lineation normal to fold hinges. 
Open to tight generally small-scale folds of 51 and 
large and small-scale folds of bedding. New related 
Pressure solution cleavage (52) locally dominant in 
grits and greywacke-pelite mixed rocks. In pelitic 
rocks new schistosity $2 trends ENE to E generally. 
Dip cotrolled by Dowobend (see 04). Extension 
lineation rarely seen. Axes plunge SW to WSW but 
change to W or NW more generally in flat belt. Folds 
generally verge to NW and relate to shear dominated 
deformation. Deformation dies out southwards in 
steep belt. 
Open to tight, small and medium-scale folds of 
50/51152 largely absent from steep belt. Fold axes 
plunge gently ESE to S commonly with N to NNW, 
moderate to shallow, dipping axial pluses. Folds 
become dominant northwards in flat belt. local 
pressure solution cleavage in grit and psasmiite 
horizons. New schistosity in pelites (53). 
D2: Close to tight similar asymmetric folds found as 	02: close to tight, asymmetric folds, with axial planar 
pairs with a shared limb of wide spaced SI and 2 schistosity or 'microfolding' of earlier schistosity 
outer limbs of close spaced $1. in pelites. Development of mineral lineation 
Upper limb overturned to SE relative to lower limb, parallel to the fold axes WNW-ESE. 
Strong lineation parallel to hinges - trends N/S in 
flat belt. 
Axial planar mica striping. 
03: Close to tight, asymmetric folds and microfolds of 
earlier schistosities. 
Fold axes NE-SW axial planes strike NE/SW. 
Dl: Open to close and rarely tight, small to medium-scale 	Dl: Close to open folds with axes trending 040 to 060. 
folds verging towards a major monoformal structure, Axial planar-schistosity dipping 40-NW verge onto a 
the Downbend. This results in a WE trending 'steep 	 large monoclinal fold - the Downbend - which 
belt' to the SE and a 'flat belt' to the NW. In produces a steep dipping belt to the south and a 
pelitic and fine-grained green beds fracture, 	 flat belt to the north. 
penetrative or most commonly crenulation cleavage 	 - 
developed. Cleavage generally strikes ENS and fold 
axes plunge gently ENS. 
Figure 6:5 
A comparison of the structural sequences found in various southern 
and eastern Dairadjan transects. 
This division is largely necessitated by the nature of the 
exposure, each sub-area being based on a relatively small area 
of good exposure where a detailed structural sequence can be 
determined. In the surrounding poorly exposed areas it is 
often impossible to determine the relative ages of the various 
structures found, unless comparisons of style etc. are made 
with the nearest sub-area base. 
Figure 6:4 summarises the structural sequences found in 
each sub-area and the correlations proposed by this study. It 
is worth mentioning that although, in many cases, the relative 
ages of the various structures bracketed within the post RN 
period are uncertain, it is considered that most of these 
structures are of no more than local importance. 
6:3b Régiôñàl 
A summary and comparison of the structural sequences 
developed in several well known sections across the Southern 
Dalradian from Loch Lomond to Stonehaven, together with the 
sequence found at Collieston on the east coast, is provided by 
Figure 6:5. As this figure shows there is a remarkable 
similarity between all the sections across the Southern 
Dalradian but marked differences between these and the 
Collieston section (which correlates well with the Buchan area 
- J. Mendum pers. comm.). It seems logical to conclude that 
all the Southern Dalradian successions lie in the same 
structural domain whilst the Collieston section (and the Buchan 
area) lies in a different domain. 
The structural history of the Southern Dalradian domain 
can be summarised as follows:- 
Dl:- Development of close to isoclinal folds with either/both 
fanning pressure solution cleavage or axial planar grain 
alignment cleavage. 
MARYCOLTER TRIANGLE 	 NORTH SIDE OF THE KINCARDINE GRANITE 	BANCHORY 
Strong Sc in all lithologies is 
Sc: of Sl + 52 origins 
S3 component in places 
Rare shear folding 55e  geometry 
Strong axial stretching lineation 
Strong modifying effect on Si to 
produce Sc-Sl/S2 
Tight to isoclinal folding 
P2: Strong axial planar mica 
schistosity locally important in Sc 
No early folds found though rare 
fold 'noses' in quartz veins 
Sc: Sc strong in all lithologies with 
indistinguishable Si and S2 
components 
Fl: Sporadic development of a N/S 
trending stretching lineation  
A strong Sc with indistinguishable 
S1/S2 components? 
Rare N/S trending stretching 
lineation lying in Sc 
Folds and crenulations - axes 	 F2• Isoclinal folding 	 Tight to isoclinal folds 
subhorizontal 120 	 Strong axial planar mica schistosity Fl: Strong axial planar mica schistosity 
P3: Large folds predicted by small fold 	 locally important in Sc 
vergences 
Axial stretching and mica lineations 
Micas lying oblique to Sc produce 	Mica plates lying oblique to Sc form 
a lineation trending 110 	 a lineation trending 120 
Downbend 
Close to open folds restricted to 
P4: southern part of area 
Axes subhorizontal 050 
Axial planar mica schistosity or 
crenulation cleavage 30 0 NW 
Open to close folds subhorizontal N/S a 
trending axes 
PS: No associated cleavages 
Large folds indicated by N/S trending 	P3: 
zones of vertical sheet dip in areas b 
of otherwise shallow dips  
Large folds indicated by N/S 	F2• Open folding with weak axial planar 
trending zones of steep dip mica schistosity ze geometry 
Close to open folds sub horizontal 	Very open folds or warps 
axes orientated SSW/NNE 	 P3: Sn geometry 
No associated fabrics No associated fabrics 
Vergence variable 
Downbend 
Open to close folds - subhorizontal 
axes trending 050 	
PS axial planar mica schistosity or 
crenulation cleavage - 40 0 NW 
Locally open folds or warps, weak 	Gentle folds and warps N/s axes 
axial planar schistosity or 	 Open folding subhorizontal axes NE/SW 
crenulation cleavage dips 30 0 S 	P6 with axial planar fabric 50 0 SE 
Axes subhorizontai 060 Z5e geometry 	Consistent 25e geometry 
Boudinaging of granites 
Downbend 
Open folds - subhorizontal axes 
trending 040 
PS axial planar schistosity or 
crenulation cleavage - 400 NW 
Open folds to gentle warps, weak 
axial planar mica schistosity 
P6 dips 50 0 HE 
Consistent Z5e geometry 
Downbend 
Close folding - subhorizontal axes 
trending 040 - 060 
Strong mica schistosity and 
crenulation cleavage, axial planar 




SOUTH SIDE OF THE KINCARDINE GRANITE 	COAST 
Isoclines - plunge gently west 
Grain alignment, pressure solution 
Dl: Fl and mica cleavages - axial planar 	Fl 
Lineation (intersection) plunges 
200 W 
Tight to isoclinal folds plunge 
moderately W 
Grain alignment, pressure 
solution and mica cleavages - 
axial planar 
Larger folds from younging changes 
Isoclinal folding - rarely seen 
predicted from younging 
Fl Cleavages axial planar or fanning, 
downward facing 
Curvilinear axes 
Shear folds - Ssegeometry variable 	Shear folding - 55e geometry 	 Shear folds - 55e geometry 
axial stretching lineation N/S 	 Strong axial stretching lin N/S Weak axial stretching lineation N/s 
D2: P2 S2 = mica stripes in grits 	 P2 S2 = mica stripes in grits 	 S2 = mica stripes in psammites 
Strong modification of Si to produce 	Strong modification of Si to P2 Strong modification of Si to form 
Sc-Sl/52 - increases N 	 produce Sc-Sl/S2 - increases N 	 Sc-Sl/52 
Tight to isoclinal small folds 	 Tight to isoclinal folds 
Strong axial planar mica schistosity 	P3 Axial planar mia schistosity 
locally important in Sc 	 locally important in Sc 
Micas lying oblique to Sc produce 
a lineation trending 120 
Tight to isoclinal folding 
Strong axial planar mica schistosity 
locally important in Sc, rare 
segregation cleavage 
Folds and crenulations - axes 
subhorizontal 120 
P4 Micas lying oblique to Sc and an 
axial stretching lineation becoming 
stronger to N 
towards Glen Esk whilst the interpretation of this thesis is 
that to the west of Clatterin' Brig the grit is progressively 
replaced in the succession by haematite schist ; whilst genuine 
pelite remains a relatively small portion of the lithological 
assemblage; and pebbly grits are still common (these two 
features are considered distinctive characteristics of the 
Skatie Grit unit). Thus the Skatie Grit unit does not wedge 
out to the west of Clatterin' Brig and the boundary between the 
Skatie Grits and the Downies Pelites can be traced to the River 
North Esk, which it cuts around Waggles. 
No mapping was undertaken to the west of the River North 
Esk during this study but the relevant ground has been examined 
by Harte (1966; 1979). Harte distinguished two main units; 
namely the Lethnot Grits and the Effock Schists, which he 
correlated with the Ben Ledi Grits and Pitlochry Schists 
respectively. He traced the boundary between these units to 
the River North Esk which it cuts around Waggles. Given the 
similarity of the lithological characteristics of the Lethnot 
Grits - Skatie Grits and Effock Schists - Downies Pelites 
(detailed in Figure 6:3), and the apparent continuity of the 
boundary between the grit and pelite units from Tarfside 
through to the coast; it is felt that a correlation of these 
units is justified; Further, since Harte (1979) correlated the 
Lethnot Grits - Ben Ledi Grits and the Effock Schjsts - 
Pitlochry Schists the correlation of the lithostratigraphic 
units within the field area to the Southern Highland Group 
would also appear to be justified. The implications of tracing 
a right way up stratigraphic succession from Tarfside to the 
east coast are discussed in the various sections below. 
6:3 Lodal and Regional Strudturii Cdrrelitidrjs 
6:3a Local 
When describing the deformational history of the field 
area (Chapters 4 & 5) the area was divided into 6 sub-areas. 
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evidence for the stratigraphic correlations proposed by 
Anderson (1942; 1947) and Shackleton (1957); which advocate a 
right way up succession; need to be critically assessed. 
The general geology of the south-east Dalradian suggests 
that there are three directions in which regional stratigraphic 
correlations could be made. With the correlation of the 
Deeside L  Tarfside - Loch Tay Limestones (Harte 1979) the 
boundary between the Southern Highland and Argyll Groups can be 
traced into the north-west part of the field area. However ; 
the outcrop of this limestone horizon terminates around the 
eastern end of the Kincardine Granite. As outlined in Chapter 
3, this termination is thought to be the result of faulting 
(see Map 1). Thus there is a barrier to the tracing of any 
stratigraphic sequence around the northern edge of the 
Kincardine Granite. 
The geology to the north of the field area, across the 
River Dee; has recently been re-examined by Munro et. al. 
(1983) and a detailed stratigraphy has been determined for that 
area. However; the recognition by these workers of a large 
fault occupying the valley of the Dee raises the possibility of 
a significant structural and stratigraphic break across the Dee. 
These tectonic barriers to the north and north-west 
extensions to the field area, allied to the poor exposure; make 
it difficult to correlate regional stratigraphy in these 
directions. For these reasons efforts to establish regional 
correlations have been concentrated on the narrow corridor to 
the SW, between the HBF and the Kincardine Granite; that 
connects the coastal area to Glen Esk. It was through this 
corridor that Anderson (1942, 1947) traced the boundary between 
his grit and pelite units. As discussed in Chapter 3 the 
current remapping of this area agrees closely with that of 
Anderson between the coast and Clatterin' Brig but differs west 
of there. Anderson concluded that his grit unit wedges out 
3e 
where Dl folds are preserved) appears to be a series of N 
folds. The axial plane of the major Dl fold, therefore, must 
pass through (or close to) the southern end of the section. As 
Figure 6:12 shows given the attitude of bedding along the 
section and the effects of the RD4 Downbend, this axial plane 
must lie above the erosion surface for the whole of the section 
to the north of Skatie Shore. Thus it is concluded that the 
section is part of the lower limb of a nappe. Since there is 
no repetition of any lithostratigraphic boundary within the 
coastal section; it is assumed that only one Dl fold is 
involved. It is not possible ; however; to say whether this 
fold closes to the south or north. Thus, there are two 
possible geometric reconstructions of the fold and dependent on 
which is adopted, the stratigraphy is inverted or the right way 
up, (see Figure 6:2). 
6:2 Regional Stratigraphic correlations 
Traditionally (Anderson 1947; Shackleton 1957) the 
sedimentary succession within the field area has been regarded 
as part of the Southern Highland Group, with the Skatie Grits 
and the Downies Pelites being the direct equivalents of the Ben 
Ledi Grits and the Pitlochry Schists respectively. 
In central Perthshire the stratigraphic succession is 
inverted with the Pitlochry Schists lying structurally above 
the Ben Ledi Grits. At the coast the Downies Pelites lie 
structurally below the Skatie Grits and thus; if the 
stratigraphic correlation proposed above is correct; the 
succession at the coast must be the right way up. The 
traditional veiw of the structural position of this section 
with the Dalradian Nappe pile (Shackleton 1957) is that it is 
part of the lower, inverted limb of the Tay Nappe. The 
position on a lower limb of a nappe is confirmed by the 
structural observations outlined above in 6:1; but since the 
pelitic unit lies structurally beneath the gritty unit, the 
EFFOCK SCRISTS 
An association of pelite, semi-pelite and psainmite. 
The psammite is rarely gritty. 
The distinctive pelite is rusty-brown in colour. 
At the base there is a green, feldspathic pelite. 
lc-silicates are rare, occuring generally as thin, 
discontinuous ribs. 
Haematite schists are not common. 
DOWNIs PELITE 
Thinly interbedded pelite, semi-.pelite and psammite in 
roughly equal proportions. 
Only 2 pebble beds in the whole sequence. 
No blue quartz clasts. 
The distinctive pelite is silvery and feldspar rich. 
Haematite schists are very rare. 
lc-silicates are rare, generally being restricted to the 
thicker psammitic units (10 - 4n thick) that occur though-
out the sequence. The calc-silicates are discontinuous. 
SKATIE GRITS 
Dominantly arkosic, psarnmitic grits. Often pebbly, 
especially at the top though such beds are rare at the base 
Blue quartz clasts are common throughout. 
The distinctive pelite is black. Pelite as a whole accounts 
fop-less than 5% of th&total thickness of this unit. 
WC-silicates are locally common and continuous. 
Haematite schists are not common at the coast, though 2 
thick (lom) beds do occur, but they become much more 
common inland towards Glen Fsk. 
LETIINOT GRITS 
An association of pelite, semi-pelite and psammite. 
Psainmites are commonly gritty with clasts between 4 and 
lQnm across. 
The distinctive pelite is pale and biotite poor. 
lc-silicates are more common than in the Effock Schists. 
Baematite schists are common. 
FIGURE 6:3 a comparison of the lithological characteristics 
of the Skatie Grits and Downies Pelites (coastal 








The relationship between the nappe 
closure direction, limb position and 




- - - - - - - 
In a nappe pile on the south 
side of its root zone. 
p.- - 
Nappe closing to the south -
upper limb= right way up 
lower limb= inverted 
Nappe closing to the north 
upper limb= inverted 
lower limb= right way up 
on the outcrop pattern of the pelite/grit boundary. Option b) 
involves the repetition of the boundary to the north and 
because this plainly does not occur ; it can be rejected and the 
vergence shown in option ) taken to be correct. Thus if 03 
folds are removed the section can be seen to young to the north. 
Around the mouth of the Burn of Auchmull there are 
several pelite bands which Anderson (1947) interpreted as 
marking the boundary between the grit unit and a pelitic unit 
to the north. He showed ; confirmed in this study; that 
younging is consistently to the south across thlIpirt of the 
section and thus concluded that his proposed pelitic unit was 
older than the grits. He correlated these pelites with those 
that occur to the south of the grit unit and suggested that the 
grits lay in the core of a large syncline. However,- owever as the 
exposure along the river bank is lost to the north of the Burn 
of Auchmull, and exposure away from the river is poor; it is 
impossible to justify his positioning of a pelite/grit unit 
boundary through this area. Indeed, mapping of the exposure to 
the east of the river shows that the area is dominated by grits 
and haematite schists. The Skatie Grits - Downies Pelites 
boundary crosses the River North Esk around Waggles (Chapter 
3) which is some 2km north of where Anderson places the 
boundary. Thus it is concluded that this section as a whole 
youngsto the north (i.e. after the removal of the Downbend the 
section is inverted). 
6: lb Coastal Strip 
Whilst graded bedding is common throughout most of the 
outcrop of the Skatie Grit unit along the coast (see Chapter 
3); it is absent at the boundary with the structurally 
underlying Downies Pelites. Thus it is impossible ; on 
sedimentary grounds, to directly determine the way up of the 
stratigraphic succession. As is discussed in Chapter 4 the Dl 
fold system at Skatie Shore (the only place along the section 
- 79 - 






























- Plunge of Fl 
























EXTENT OF 03 STRUCTURES 
30 
r 26  
31 
20 	 s4-i-=cr 
J9- 	 ) 
(J J 




re is on 
- 	 / 	 ion 
- - - 	 / ttwwiOu' this 
- - - 
/ tleovage Wtflh is 
- - - 	
/ otwots 20° tocIiwise 
- / tromS 
HBF 
Kincordine Granite 
.Plunge of D3 folds 
'' 	
--- Strike/dip of 53 
10kms 	






















































EXTENT OF D4 STRUCTURES 
10 






*15 	 21 
Kincordine Granite 	 - - - 
- - - - 
- - - 






Plunge of F4 
Dip g strike of SA 














































Kincardine 	Granite jo 	36Y 	— 
10 
41 - _Jy 	









/32 —S--10 	Plunge and vergence of 	F5 
S ,/ 
6 42. Strike and dip of 	S5 
4 
' lOKms 
-4- - Axial trace of 	DOWnbend 







— — — — — — 
Kincardine Granite ,,,,,/XJ - - - — - - - — — 
, 
/ 
/ 	 s- 	Post DS laid 
Associated schistosity 
7 	 10 kms 	 — Boudin -neck orientation 
Zones of subverticaI Sc 































5:1 Structural SequenàeinOlen Esk 
Four areas at various distances from the HBF were 
examined in Glen Esk. The structures displayed within the 
Dalradian schists along the river bank from the North Esk Fault 
(NEF) to the mouth of the Burn of Auchmull are described in 
Chapter 7. The other areas examined were the Pkainsof Weston 
[583 7571, waggles [570 7651 and Hillock [560 7831 - see Figure 
1:1 for a comparison of the relative positions of these areas. 
A comparison of the structures developed in these three areas 
can be found in Figure 5:3. 
5;la raigbfPJes€oñ 
The exposure examined lies on the south east side of the 
summit and extends over some 120m by 40m. The dominant 
lithology is pelitic schist in which garnet and staurolite are 
abundant. Psaminite is restricted to the NW corner of the 
exposure and a Sm band in the middle. Although some of the 
psammite is gritty there are no indications as to the direction 
of younging. The sheet dip of bedding in the region is 
approximately 60 ° NW. 
Dl:- Small isoclines described by quartz veins. The direction 
of plunge of the fold hinges is extremely variable due to 
subsequent folding but they always lie in the plane of 
Sc. within pelites there is a strong Sc parallel to 
bedding. Although it can be shown that there is an 51 
component of Sc, at least in places, the amount relative 
to other components cannot be assessed. Locally in 
psamnites there is a relatively unmodified 51 pressure 
solution cleavage preserved within the cores of D2a folds 
(a situation directly comparable with the coastal 
section). The widest spacing of 51 within these fold 
cores is 0.4cm. 
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Within this area there are two fold episodes which cannot 
be separated temporally because no example of mutual inter-
ference has been observed. However,the two sets of structures 
developed are markedly different and have been classified as 
2Da and 2Db with no prejudice as to their relative ages. 
D2a:- D2a folds are outlined by the 51 pressure solution 
cleavage and as such appear to be restricted to psammitic 
beds and some quartz veins. The fold styles are similar 
to those of D2 folds developed at the coast (see Chapter 
4). These are fold pairs with Si highly attenuated on 
the outer two limbs but relatively widely spaced in the 
core limb. The folds usually have wavelengths about 1cm 
and are frequently developed in lithon stacks. These 
folds have a consistent S shaped geometry when veiwed 
looking NE along their axes. This is the same sense of 
vergence as the D2 folds developed along the coast. 
The S2a developed within psammites takes the form of 
either strips of highly modified 51 separating the 
lithons within the stacks, or mica rich stripes within 
the cores of large folds. As the S2a in psammites is 
parallel to the Sc in pelites it is though likely that 
this Sc contains an S2 component, though this cannot be 
separated from the other components. 
There is a weak stretching lineation within psammites 
that is parallel to the fold hinges. This lineation, and 
the fold hinges, generally trends NE-SW and lies in the 
plane of Sc, though this trend is frequently modified by 
subsequent folding. 
D2b:- These folds are common and have a tight to isoclinal 
style with, in pelites, a strong axial planar mica 
schistosity. They have no obvious sense of vergence. 
Pelites within the cores of these folds carry a strong 
axial planar mica schistosity which overprints the folded Sc. 
There is no trace of 83b in psammites even within the cores of 
the tightest folds. Since the axial planes are parallel to Sc 
it seems likely that, except in the noses of the folds, there 
is an 53b component in Sc. 
B3:- D3 folds are open in style with a sense of vergence that 
indicates a major antiforrnal structure (the Downbend) to 
the NW. The folds plunge gently towards 040. within the 
fold cores, though occasionally developed where there is 
no folding, there is a strong axial planar crenulation 
cleavage or mica schistosity which dips at about 40 0 to 
the NW. 
D4:- Subsequent to all the above episodes there was a warping 
event that was, in places, strong enough to produce very 
open folds (interlimb angles 120 0 ) which have horizontal 
axes trending 045. They have a consistent geometry, 
opposite to that of D3, indicating an antiform to the 
south. Only rarely is there an axial planar mica 
schistosity developed in association with these folds. 
This dips around 45 0 to the SE. 
5:lb Wàgglêâ 
At this locality there is a 400m thick band composed 
principally of psammitic grits surrounded by pelite dominated 
lithologies in which heamatite schists are abundant. The 
deformational sequence to be found here is identical to that of 
Craig of Weston (described above) except that it is possible to 
separate the two sets of folds included in the B2 slot at Craig 
of Weston. At several places it is clear that the D2a folds 
are folded by those of the D2b episode. Thus the shear folds 
are D2 in age and the tight to near isoclinal folds are D3. 
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5 lc äillddk 
The lithology here consists of roughly equal proportions 
of silvery pelite and semi-pelite, in which garnet and 
sillimanite are commonly developed, with a little psammite. A 
reasonably complex sequence of minor structures can be deduced 
from the exposures around the sheep pens to the east of the 
farm house. 
Dl:- There are no folds associated with the dominant fabric 
within these rocks; which is a composite cleavage that 
probably contains 51, 52 and S3 components. It always 
lies parallel to SO with a sheet dip of 065/80°14 or S. 
The earliest folds developed in this area are small 
isoclines with wavelengths around 10cm. 	They clearly 
fold the composite cleavage. These folds have a strong 
axial planar mica schistosity which overprints Sc in 
their noses but parallels and strengthens it on their 
limbs. 
Whilst crenulations belonging to this episode are common ; 
folds with wavelengths much larger than 5cm are rare. 
They have an open style with axes which plunge around 10 0  
to 065. 	Along their axial planes there is either a 
strong mica schistosity or a crenulation cleavage which 
dips at 300 to the NNW. The consistent sense of vergence 
of these folds indicates a major antiformal structure to 
the north (the RD4 Downbend). 
This episode developed a set of open folds with 
subhorizontal axes which trend 075. Within the cores of 
the tighter examples there is a weak mica schistosity 
which dips at 30 0 to the SSE. A consistent sense of 
geometry indicates an antiform to the south. 
sir 
RIVER ESK 	 CRAIG OF WESWN & WAGGLES 	 HILLOCK 
Dl: Fl Isoclines, plunging 20 0 W 
Si grain alignment and pressure 
solution cleavages that are sub—
parallel to SO 
Li inteéäting lineation plunging 
200 W 
03: F3 isoclines plunging at moderate 
angleä to W 
Dl: Fl isoclines of quartz veins 
51 grain alignment and pressure 
solution cleavage parallel to 
to So 
D2: F2 'shear' folds in lithon stacks 
with a constant S5 geometry 
S2 pressure solution cleavage and 
mica stripping 
L2 strong axial stretching 
lineation 
03: F3 tight, plunge variable 
53 mica schistosity 
L3 intersection, trending 120 
Sc: a strong composite cleavage with 
51,52 and 53 components parallel 
to 50 
D3: F3 isoclines with axial planes 
parallel to SO 
S3 mica schistosity 
04: F4 crenulations, Ss geometry 
plunge gently W 
S4 crenulation cleavage dipping 
30° NW 
D4: F4 close folds, SS geometry 	04: F4 open folds, 55 geometry 
plunge gently W 	 plunge gently to 040 
S4 mica schistosity and crenulation 	S4 mica schistosity and 
cleavage dipping 400 NW 	 crenulatjort cleavage, 40 0 NW 
05: F5 crenulations, plunging 40 0 W 	D5: F5 open folds - warps, Zs 	 05: F5 open folds, Z 5 geometry and open folds, Z 5 geometry geometry 
S5 mica schistosity and segregation 	S5 mica schistosity (weak) 	 S5 crenulation cleavage cleavage, 30 0 S 	 dipping 30 0 S 	 dipping 30 0 S 
FIGURE 5:3 a comparison of the structural sequences in the three areas examined in Glen Esk 
5:2 Banchory 
The structural sequence developed in this area has been 
established from the moderately good exposures along the Water 
of Peugh below Heughhead 1686 92911, around the Craig of Affrusk 
[707 9351 and at various quarries, such as the one at Maryfield 
[718 9561. The lithology is a mixture of quartzite, psammite, 
purply pelite and impure limestones, in which index minerals 
equivalent to the pelite siluimanite grade have been developed. 
Dl: 	The earliest, and the dominant, fabric developed in this 
area is a strong schistosity, parallel to bedding, which 
provides a strong foliation to all lithologies and 
predates any observed folding. Like the dominant fabric 
in Glen ask and along most of the coastal section, it is 
probably a composite cleavage though, in this area, this 
cannot be proved. There is often a strong stretching 
lineation lying within the plane of Sc which trends 
NNE/SSW when Sc is horizontal. This is very similar to 
L2 at the coast and, although no related folding is 
developed in this area, suggests that Sc contains an RD2 
component. 
D2:- The second set of structures are tight to isoclinal folds 
of the above (Sc) fabric. Generally these folds are with 
wavelengths less than lm but where exposure is 
particularly good, as it is downstream from the Bridge of 
Feugh [702 9801, larger examples, with wavelengths up to 
lOin, can be found. Associated with these folds there is 
a strong axial planar mica schistosity developed in 
pelites, but no comparable cleavage has been developed in 
psammites, quartzites or limestones. The axial planes of 
these folds lie parallel to Sc so that on their limbs Sc 
is strengthened by this cleavage. 
- 71 - 
At some localities there is a weak to moderately strong 
lineation defined by the alignment of mica plates at an 
angle to Sc. This is rather reminiscent of the coastal 
04 lineation which has the same trend, roughly 300 - 
120. The relationship of this lineation to the above 
folds is not clear but they do not appear to fold the 
lineation. However, the lineation is certainly folded by 
the following episodes:- 
These are open folds with wavelengths often >lm. Only 
rarely is there an axial planar fabric in association 
with these folds. They generally plunge gently to the NW 
and have a geometry that indicates an antiform to the 
east. 
Subsequent to all the above structures there are gentle 
flexures or open folds which have no associated 
schistosity and whose subhorizontal axes trend WNW - 
ESE. Their geometry is somewhat ambiguous but it appears 
to indicate an antiform to the north. 
5:3 Maryculter Triangle 
Most of the exposure within this area is concentrated 
towards the centre and along the northern edge. Within the 
rest of the area the exposure is poor and sporadic. The 
lithologies are similar to those of the coast with the Skatie 
Shore Grit unit outcropping in the south and the Downies 
Pelites to the north. 
Dl:- Within all lithologies there is an early fabric which in 
places can be shown to consist of 51 highly modified by 
D2 and locally supplemented by 52 and 83. Hence, it is 
termed Sc. 
02:- These fold a schistosity and are RD2 shear folds which 
generally assume the isolated lensoidal lithon habit 
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typical of 02 folds from the northern part of the coastal 
section (see chapter 4). They have a consistent S shaped 
geometry when viewed looking northwards along their 
axis, contained within the plane of Sc there is a strong 
N/S trending stretching lineation which lies parallel to 
the 02 fold axes. 
D3:- These are small, tight to isoclinal folds, usually 
rootless with a strong axial planar mica schistosity 
which supplements Sc on the fold limbs. 
o4:- This set consists of close folds and crenulations which 
have subhorizontal axes trending roughly 300 - 120. The 
axial traces of larger folds can be determined by mapping 
out the vergences of minor folds with lm to Sm 
wavelength. Figure 5:2 shows the traces of the four 
folds that have been identified in this manner. 
In psammites there is a stretching lineation parallel to 
the 04 fold axes and in pelites a lineation which is 
marked by mica plates lying oblique to Sc. The second of 
these lineations is probably related to a very weak mica 
schistosity which is developed along the axial planes of 
some of the crenulations. This schistosity dips at 500 
to the NE. 
05:- In the southern part of the area there are abundant folds 
which relate to the R04 Downbend structure (see Figure 
5:2). These are close to open folds with subhorizontal 
axes which trend 050. Associated with these folds, but 
also commonly developed in areas of no 05 folding is, 
depending on lithology, an axial planar mica schistosity 
or a crenulation cleavage. 
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D6:- Along the northern part of the area there are rare, open 
to close folds with N/s trending subhorizontal axes. 
They have no associated fabrics. They may be related to 
N/s trending zones of steep dipping Sc which occur at 
several places along the northern edge of this area, (see 
Figure 5:2). 
5:4 North side of €hèKiñcadineáñj€è 
Exposure between Kirkton of Durris and Banchory is 
limited and, as a consequence, this is the most poorly 
understood part of the field area. It does, however, provide a 
valuable link between the deformation sequences developed in 
the Banchory and Maryculter Triangle areas. 
Dl:- The earliest, and dominant, fabric (Sc) within all 
lithologies is a strong composite schistosity which 
probably consists mainly of an 51 fabric highly modified 
and possibly supplemented by 02 (though there is no 
locality at which this can be proven). The presence of a 
N/S orientated stretching lineation lying in the plane of 
Sc, which is similar in style and orientation, to the RD2 
lineation of the coast, suggests that there is an Rfl 
component within Sc. 
The earliest folds found are small, rootless isoclines 
whose axial planes, along with a related, strong mica 
schistosity, lie parallel to bedding. These folds are 
invariably marked out by folded quartz veins. 
A lineation marked by mica plates lying oblique to Sc was 
developed subsequent to D2. 	Both the trend of this 
lineation (300 - 120) and its style link it to the 
coastal 04 event; though there do not appear to be any of 
the small crenulations that so frequently accompany the 
lineation at the coast. 
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D4:- The second set of folds developed in this area are close 
to open in style. They have no associated cleavage 
though there is a weak, gently westward plunging; 
stretching lineation developed along the axes. These 
folds have no consistent sense of vergence. 
Although the sheet dip of Sc within this area is 
generally subborizontal there are several zones of N/S 
trending steep dips, indicating the presence of large 
folds whose chronological relationship to the above 
elements of the structural sequence is unknown. 
5:5 Along the Southern Side of the Kincardine drinite 
Exposure within this area is largely restricted to N/s 
trending stream sections. A great deal of the exposure between 
Clatter in' Brig and stonehaven that was formerly available has 
been lost because of large scale afforestation. Most of this 
area; except immediately adjacent to the granite, lies within 
the steep limb of the Downbend and thus the sheet dip of 
bedding is about 060/700N. 
Dl:- Folds of this episode are not common. In general they 
are small, rootless; isoclinal folds of quartz veins with 
a strong axial planar schistosity. However, near 
Drumtochty Castle [699 801] there is a stream section 
with reasonably continuous exposure of pebbly grits in 
which grading is common. Using changes in the direction 
of grading along this section it is possible to show that 
large Dl folds, with wavelengths of SO to lOOm ; are 
present (similar to the situation at the coast along 
Perthumie Bay and Skatie Shore). The S0/Sl intersection 
lineation, which is probably parallel or subparallel to 
the fold axes, plunges gently west. Sl on opposite limbs 
maintains a consistent downward facing attitude. 
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A strong early schistosity, lying parallel to SO, is 
developed in all lithologies. This schistosity is 
variously a pressure solution cleavage; a grain alignment 
cleavage or a mica schistosity; depending on the host 
lithology. To the north of a strip about 1km wide along 
the length of the HBF, these cleavages have been strongly 
modified by subsequent deformation (largely D2). The 
result being a composite cleavage (Sc) which lies 
parallel to bedding. 
D2:- Folds of this episode have been found at only a few 
localities; notably to the north of Drumtochty Castle 
[699 801] and in the gully of Slack Burn [670 808]. In 
all cases they adopt the lithon stack style, 
characteristic of D2 folds from the coast, and have an 
unvarying geometry, S shaped when veiwed looking north 
along their axes. These folds are marked out by folding 
the Sl pressure solution cleavage and; as such; they 
appear to be restricted to psammitic lithologies. 
Parallel to the axes of these folds there is a strong 
stretching lineation which is N/S trending and is 
contained within the plane of Sc. 
The most obvious effect of this event is the strong 
modification of Fl fabrics to form an Sc lying parallel 
to bedding. This Sc is the dominant fabric throughout 
most of the area. Thr modification becomes noticeable 
about 1km north of the HBF and grows stronger northwards, 
being most obvious in its effect on the spacing of the 51 
pressure solution cleavage in psammites, which is in the 
order of 1 to 2 planes per centimetre close to the HBF, 
and 10 planes per centimetre 2km to the north. Because 
of the lack of continuous exposure it is impossible to 
determine whether this decrease in the spacing of Sl is 
gradual; as it is at the coast. 
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D3:- These folds are tight to isoclinal and generally small 
with wavelengths around 10cm. They have a strong axial 
planar mica schistosity which lies parallel to, and 
generally compliments, the Sc within pelites. There is 
no comparable fabric in psammites. 
o4:- These folds belong to the episode which produced the 
Downbend, the trace of which runs close to, and sometimes 
within, the outcrop of the Kincardine Granite. The folds 
are common throughout this area except close to the HBF, 
where only crenulations are developed. The zone along 
the HBF in which they are absent decreases in width 
towards the west, Figure 5:2. These are tight to open 
folds which have subhorizontal axes which trend about 
050. Associated with them is a variably developed axial 
planar mica schistosity or a crenulation cleavage which 
dips 400  to the NW. 
D5:- These are open folds or warps whose axes trend in the 
same direction as those of the D4 folds but which hav 
the opposite sense of vergence (i.e. an antiforni to the 
south). There is occasionally a weak mica schistosity 
developed within the cores of these folds, whose cleavage 
dips at about 500 to the SE. In the eastern part of the 
field area these folds are restricted to a zone very 
close to the HBF but become more strongly developed and 
widespread to the west (Figure 5:1). 
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CHAPTER 6 
aEdxjt4Ar. dth&EL.A'I1 ibNS AND THE EVOLth1 tdt Op tIE 
STRATIGRA1Iitd AND R1JddRAL SE QUENCES WITHIN THIS FIELD AREA 
6:1 Way 1up of the SEratigraphic Succession sdEhiri this Field Area 
In any discussion about regional stratigraphic and 
structural correlations the way up of the stratigraphic 
succession is of fundamental importance. With the poorly 
exposed nature of much of the Eastern Dalradian ; it is 
difficult to trace the successions established in Perthshire 
and Banffshire, into this field area. It is therefore 
necessary to try and establish the way up from the main 
sections under study; these being the River North Esk (near the 
North Esk Fault) and the coastal strip. 
6:1a River North Esk 
The structures displayed and the distribution of 
lithological units along this section are described in Chapter 
7 (see especially Figure 7:4). Throughout; bedding strikes 
roughly 060 and dips steeply north. 
Adjacent to the North Esk Fault there is an outcrop of a 
pelitic unit which is succeeded to the north by grits. Across 
the boundary between these two units; younging is consistently 
to the north (as was observed by Anderson 1947; Shackleton 
1957; Harris and Johnson 1967). As is shown in Figure 7:4 ; the 
largest folds which affect this section are of D3 age and two 
such folds are located close to the outcrop of this boundary 
The vertical relief along this section is insufficient to allow 
direct observation of the verqence of the Dl fold gvgt-ayn 
However, it is necessary to remove the effects of these folds 
if the overall younging direction is to be determined. Figure 
6:1 shows the two possible geometries of the 03 folds across 
this part of the section and the effects these would have had 
















The two possible reconstructions of the D3 fold 
system in the DQrodian near the North Esk Fault 
FIGURE 6:1 
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FIGURE 4:45 a,b 
spaced seams of white mica. This is usually paralleled by a 
strong mica schistosity. Commonly there is a combination of 
these cleavages. 
Within semi-pelites Sb is typically a grain alignment 
cleavage marked by elongate quartz and feldspar grains and a 
strong alignment of micas, the development of which commonly 
resulted in extensive recrystallisation of pre-existing 
fabrics. In the more micaceous types there is occasionally a 
weak crenulation cleavage. 
Sb is rarely developed in psammites where it appears as a 
fracture of pressure solution cleavage, the planes of which are 
spaced about 5mm apart, associated with fine scale, almost 
crenulation like, D5 folding. At Downies there are some D5 
folds in psammites which have developed tension gashes parallel 
to the axial planes (the plane which traditional folding theory 
suggests should be one of compression), see Figure 4:45b. The 
only evidence of 55 development in calc-silicates is in cases 
where these beds have been folded by D5 and amphibole minerals, 
developed pre D5, have recrystallised in the D5 axial planes. 
4:6 poà€b5 DèfôSà€ióñ 
Apart from the ubiquitous late gentle warping there are 
two distinct deformational episodes that postdate the major D5 
event. Both are restricted in the area of their development 
and their effects are limited in comparison with the earlier 
events. 
In the region of Red Man - Limpet Burn and in the area 
around Tilly Tennant there are some open folds which verge 
towards an antiform to the south (the opposite direction to the 
D5 folds in these areas which they resemble in style). They 
generally have wavelengths around lm and even on the largest 
examples there is no parasitic folding. Frequently, a weak 
axial planar mica alignment schistosity is developed within 
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Figure 4:47 
The post D5 boudins of a granite vein, Cove. 
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Figure 4:47 
Post D5 boudins of a granite vein, Cove. 
Note the deformation of the surrounding psanunite. 
pelites and at Tilly Tennant there is a fracture cleavage in 
some psammites. This cleavage dips moderately to the SS. 
As these folds are in the same size range as the D5 folds 
developed in these areas it is difficult to assess the relative 
ages of these two fold episodes from mutual fold interference. 
However, the cleavage that is associated with these folds 
clearly cuts straight across D5 folds (Figure 4:46) and they 
must, therefore, postdate the D5 episode. 
There is an episode of deformation whose principle effect 
is to boundinage certain veins (Figure 4:47), which is only 
apparent to the north of Earnsheugh Tongue. It is difficult to 
determine the relationship between these boudins and D5 except 
that at one locality a granite vein that has been boudin cuts 
across a D5 fold. On this evidence it would appear that the 
boudin forming event postdates D5. There are several 
localities, notable at Cove Harbour, where it can be shown that 
the L4 stretching lineation is deformed by this boudin forming 
event. This event does not effect all the granite veins, 
indeed it seems that the greater part of the granitic intrusion 
into the area took place after this event. Those granites that 
it does effect all lie in the plane of Sc. The necks of the 
boundins always trend roughly 020 - 200 and are frequently 
filled with quartz (in voids created during the boundinaging - 
Figure 4:47a). In rare cases the individual boudins have been 
rotated so that their long axes, as seen in cross section, lie 
at an angle of about 200  to Sc. when this rotation has 
occurred there is always a weak schistosity developed in the 
granite parallel to the long axis of the boudins. This fabric 
does not penetrate into the surrounding schists. In the Cove 
area there are several examples of granite veins that have been 
boudined into a chocolate block pattern. The main necking is 
still orientated 020 - 200 but the second, less distinct 
necking is orientated 090 - 270. 
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Around Cove and just to the south of the Cove Granite 
there are frequently small periclinal folds, with the length in 
the axial direction only 1 - 2m. The axes of these folds are 
orientated about 010 to 030, i.e. parallel to the main 
boudinaging direction. These folds clearly postdate D5. The 
relationship between these folds and the boudins, if there is 
any, is obscure. 
At Adams Pots there is a single granite vein in which a 
series of tension gashes has been developed. These gashes form 
an en-echelon set, each being vertical and intersecting the 
granite veining, which lies in Sc, in the direction 080. There 
is no comparable feature developed in the surrounding schists 
or in any other granite vein in this area. 
CHAPTER 5 
Inland Structural Sequences 
Although 	a 	detailed 	and 	comprehensive 	structural 
succession was developed for the coastal section (Chapter 4), 
it was realised that a similar detailed analysis inland was 
impracticable because of the poor nature and scarcity of 
exposure. Although at many inland localities the effects of 
several deformation episodes may be observed, in most cases the 
relative ages of the structures can only be guessed at by 
comparing the fold styles etc. with the reasonably 
comprehensive successions which can be deduced from the two 
areas of good exposure, around Banchory and in Glen Esk, or 
with the coastal section. in some areas, particularly around 
the edges of the Kincardine Grainte, much of the exposure 
available to previous workers has been lost due to 
afforestation. 
In describing structural continuities and dissimilarities 
it has proved useful to divide the field area into six subareas 
(shown in Figure 5:1), each of which is described separately 
below. A comparison of the structural sequences developed in 
these areas and regional correlations is undertaken in Chapter 
6 (see particularly Figure 6:1). Figure 5:2a-f shows the areas 
affected by, and the orientations of, the various structures 
produced by each deformation episode. 
It is perhaps timely at this point to remind the reader 
that local deformation episodes are termed Dl, D2 etc., whilst 
regionally correlatable episodes are termed RD1, RD2 . . etc.. 
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FIGURE 5:1 	the 6 structural subareas 
1 - Banchory; 	2 - N of Kincardine Granite 
3 - Maryculter triangle; 	4 - Coastal strip 






(a) Photomicrograph (x25) of 81 and the late crenulations, JcS 
unit. 
Figure 7:8 	:.. 	:. 
(b) Dl folds of thin àhaley bands in greenstone, .JCS unit. 
Figure 7:8 
















• 	.5 	 e 




(d) D2 folding of calcite veins in the JGS unit. 
Figure 7:8 
(e) The two sets of late, gently plunging crénulations, JGS unit. 
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suffered at least two episodes of tight to isoclinal folding 
the identification of only three reliable younging directions; 
all closely spaced; is not considered sufficient to indicate 
the overall way up of this unit. 
This unit has been subjected to at least four episodes of 
deformation (a comparison of this sequence with those of the 
other units follows the description of the Dalradian 
structures to the north of the HBF and is summarised in Figure 
7:14). Throughout the unit bedding strikes around 070 and 
dips steeply north or south. Subparallel to bedding there is 
a strong schistosity (Si) marked by platey minerals (Figure 
7:8a) which is axial planar to small, rootless, very tight 
folds which plunge steeply west and southwest (Figure 7:8a). 
Both this lineation and the SO/S1 intersection lineation 
plunge steeply west. The direction of rotation between SO and 
Sl changes in two places within the unit (sample readings are 
shown in Figure 7:4), indicating the presence of a closely 
spaced antiform and synform, the actual hinges of which could 
not be located, verging on an antiform to the south (Figure 
7:4). The second generation folds, i.e. those that fold Dl 
(but not the subsequent crenulations) are close to open, close 
sideways and plunge very steeply east or west (Figure 7:8d). 
Only rarely is there an axial planar fabric developed within 
the cores of these folds. The vergence of these minor folds 
indicates the presence of two larger sideways closing folds 
(Figure 7:4). 
Subsequent to the above episodes two sets of crenulations 
were developed. The first set are rather fine and plunge at 
moderate angles to the south-west (Figure 7:8a,e). Very 
rarely; there is a fracture or crenulation cleavage, dipping 
at about 300 to the NW, developed along their axial planes. 
These crenulations are folded by a set of open kink folds and 
large crenulations whose axes have subhorizontal south-west 
trends (Figure 7:8e). There is no axial planar fabric 
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associated with these folds. Throughout the unit this second 
set of creriulations and kinks verge towards an anhiforni to the 
south, with the exception of a small area about 150m from the 
northern end of the unit, in which they have the opposite 
sense of vergence. A compilation of the linear structures 
developed in this unit is given in Figure 7:6. 
There are numerous faults within this unit, both parallel 
with and oblique to bedding. The throw of these faults is 
indeterminate but some ; as indicated by the amount of 
associated brecciation, may be quite large. 
7:2e Greenstone Conglomerate and the Contact Between the 
JGS and Margie Units 
Between the JGS and the North Margie unit there is a lOm 
thick band of conglomerate which is composed of clasts of 
greenstone set in a matrix of well cleaved greenstone shale 
(Figure 7:9a). There are also; relatively rare, clasts of 
coarse grained basic igneous material; jasper and "granitic" 
(quartz & feldspar) material (Figure 7:9b-f). The matrix is 
indistinguishable from the greenstone shales to the south and 
the greenstone clasts are very similar to the massive poorly 
cleaved greenstones of the JGS (Pringle 1941). It must be 
concluded that the source of most of the clasts in this 
conglomerate was from an area within or closely related to the 
JGS ; although there is no locally exposed equivalent of the 
coarse grained basic or "granitic" material. There are no 
clasts of either Margie or Dairadian material within the 
conglomerate. 
At the southern end of the conglomerate there is a knick 
into the river bank which may indicate a fault separating the 
conglomerate from the rest of the JGS (Barrown 1901). 
However, such faults are common throughout the unit and there 
is nothing to indicate that this one is of great importance. 
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Photomicrograph (x25) of the boundary between a dolerite and a 
gabbro clast, greenstone conglomerate. 






Photomicrograph (x25) of the sheared and clastic nature of the 
greenstone conglomerate. 
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Photomicrograph (x25) of amphibole clasts in the greenstone 
conglomerate. 












(e) Photomicrograph (x25) of a chert clast within the greenstone 
conglomerate. 
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(f) Photomicrograph (x25) of a gabbro clast in the yreenstone 
conglomerate. 
When the water level of the river is exceptionally low 
there is good exposure on both banks across the contact 
between the conglomerate and the Margie. About 4m south of 
the first undoubtable Margie Grit bed the conglomerate has 
been intensely sheared and the pebbles are indistinct. This 
sheared band is about 2m wide and is succeeded to the north by 
a 1.5m thick band of dark green schist which is rich in 
chlorite and in which no pebble shapes can be discerned. This 
schist appears to be mafic or ultramafic in composition. In 
colour and texture it is internally highly variable and gives 
the impression that this lithology has been highly deformed. 
To the north of this there is a band that varies in width 
between 0.5m and 1.0m of 'intermediate material'. This is a 
brownish green gritty schist with a moderate phyllosilicate 
content. It is rather variable in composition and texture and 
appears to be transitional between the dark green schist and 
the Margie Grits. It has suffered severe tectonic disturbance 
and, in view of the intense shearing along this contact; it is 
likely that the transitional nature of this material has a 
tectonic rather than sedimentary origin. On the east bank 
there is a pip of dark green schist (see Figure :7:10) 
partially surrounded by Margie Grits whose general foliation 
is wrapped around the pip. This is exposed right under the 
east bank and is at least 3m by Sin in dimension. It seems to 
be a slice of the highly sheared conglomerate that has been 
tectonically forced into the Margie. 
Barrow (1901) thought that the conglomerate repzesented 
the base of the Margie unit and that the fault at the southerá 
end of the conglomerate was of major significance. Pringle 
(1941), however; showed that the conglomerate is •separated 
from the Margie by a 3 to 4 feet thick shear zone; agreeing 
with the description above. From the intensity of the 
deformation within this shear zone and the contrasts in 
lithologies on either side it would appear likely that this 
zone represents a major tectonic break. Apart from a 
pervasive cleavage parallel to bedding the only tectonic... 
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structure within the conglomerate is an open, sideways closing 
fold pair which plunges steeply west found with the dark green 
schist. This fold looks similar to and has the same sense of 
vergence as the second generation folds of both the JGS and 
North Margie units. 
It is concluded that the conglomerate is probably a 
coherent part of the JGS unit and that the shearing; which 
formed the dark green schist of its northern contact; must 
have at least predated the JGS/North Margie D2 episode. 
7:2f North Margie Unit 
This unit is exposed across strike for BOrn. 	It is a 
mixture of grits; shales and limestones that display a complex 
variety of sedimentary and tectonic contacts. The unit 
appears to be some form of tectonic melange made up of 
fault/shear bounded bodies. A large scale map of this unit 
was prepared in conjunction with Dr S. Harte (Figure 7:10). 
The southern part of the unit is dominated by pale green 
grits with subordinate amounts of thin cream and buff coloured 
shales. Within these grits there is a Sm wide band of 
brecciated psammite (Figure 7:11a). The central portion of 
the unit is composed of black and purple shales intermixed 
with pale green grits. The north of the unit is dominated by 
a fine grey limestone intermixed with dark grey shales and 
purple grits. These limestones contain rounded detrital 
quartz grains and appear; at least in part; to be derived or 
redeposited (Figure 7:11b). The only evidence of younging is 
found within the pale green grits about lOm north of the 
greenstone conglomerate where the beds young to the south. 
The various contacts displayed within this unit can be 
divided into four categories, described below:- 
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parallel to bed dincr 	the unit can be divided into 
several more or less coherent bodies within which most of 
the contacts between beds appear to be straight forward 
sedimentary contacts. However; at several places both 
within and between these 'coherent' bodies; there are 
crush lines and breccias parallel to lithological banding 
and some of the lithological contacts appear to be 
tectonic; possibly thrusts. 	For example; the contact 
between the limestone and the grey shales in the northern 
part of this unit is probably sedimentary whilst within 
the pale green grits to the south of the unit there are 
many small crush lines. 
Obvious faults at high angles to bedding 	throughout the 
unit there are numerous small faults that offset bedding 
and other contacts. These have a variety of orientations 
and senses of movement but most appear to have developed 
late in the tectonic history of the unit. For example 
the contact between the pale green grits and the black 
shales under the east bank has been offset by a 
north/south trending fault. 
Curved contacts -folded faults 	As there is abundant 
crushing and brecciation ; the contact between the black 
shale and the pale green grit to the south is clearly 
tectonic (Figure 7:110. 	Although the contact curves 
through about 90 0 ; bedding maintains the same angle to 
the contact. It appears to be a folded fault. 
Curved contacts 	obliue to be'ding 	there are a number 
of curved contacts which resemble type (iii) except that 
the bedding contact angle changes markedly along the 
contact. Within the areas of these contacts bedding and 
cleavage maintain constant angles so that folding can be 
eliminated as a possible mechanism for producing the 
curvature of the contacts. These may be some form of 
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Figure. 7:11- 	 . 
(a) Photomicrograph (x25) oQ brecciated psammite, N. Margie. 
Figure 7:11 
(b) Photomicrograph (x25) of detrital quartz grains in a 
limestone, N. Margie. 
Figure 7:11 	 . 
(c) Photomicrograph (x25) of the brecciated boundary between a 
black shale and a grit, N. Margie. 
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(a) Dl folding of a grit band, N. Margie Limestone quarry. 
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(b) Dl folding in a laminated limestone, N. Margie. 
Figure 7:12 
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Figure 7:12 
(d) Photomicrograph (x25) of the Si grain alignment cleavage, also 
showing the growth of quartz in a vein, N. Margie. 
Figure 7:12 
(e) Photornicrograph (x25) showing Si and the S4 crenulation 
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complex sedimentary contact or combined sedimentary-tectonic 
contacts. Examples of these are the contact between the 
limestone and the pale green grits and the contact between the 
black shale and the pale green grits and purple shales (not 
the southern contact of the black shales). 
The unit has suffered four distinct episodes of 
deformation. Throughout most of the unit bedding trends 
roughly 070/800 north and is paralleled by a very strong grain 
alignment or weak pressure solution cleavage in grits and by a 
mica schistosity in the shales (Figure 7:12d). Only rarely is 
there an angle betwen SO and Si in which case Si dips more 
steeply north than SO. The direction of younging can only be 
distinguished at one location where Sl is downward facing. In 
the old quarry on the east bank, there are rare isoclinal 
folds of thin grit bands (Figure 7:12a) within shale, to which 
Si is axial planar. These plunge very steeply west - the same 
orientation as the SO/s1 intersection lineation. 
Si is folded by a series of open to close, sharp crested 
folds that plunge steeply south-east or north-west (Figure 
7:12c). Rarely there is a weak axial planar schistosity 
developed in the cores of these folds. They generally have 
wavelengths in the order of 50cm but the contact between the 
black shale and the pale green grit marks out a large (10-20m) 
example. The smaller folds are parasitic on this larger 
example. Figure 7:6 compares the orientation of the linear 
structures developed within this unit with those of the other 
units. 
Throughout the units there are gently south west plunging 
crenulations of Sl. Their orientation is not effected by D2 
folds so they therefore, postdate D2. The larger examples 
clearly verge towards an antiform to the south. Within the 
old limestone quarry there are fine crenulations, with an 
axial planar, NW dipping crenulation cleavage, that verge on 
an antiform to the north. 
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7:2g Contact Between the North Margie Unit and the Dairadian 
The contact is clearly a fault, the North Esk Fault (NEF) 
of Barrow (1901). The fault can be seen in the west bank 
where it is marked by a 50cm wide crush zone. It is not 
exposed on the east bank but must pass through a small gully 
on the north side of the old limestone quarry. The fault 
trends 040. Adjacent to the contact there has been some 
distortion of bedding in both the Dairadian and Margie though 
no sense of movement for the fault could be determined from 
this warping. Generally, bedding in the Margie unit trends 
E/W whilst in the Dairadian, a short way from the contact; it 
trends 070 - the fault clearly cuts across bedding. From 
being orientated around 170 at the fault bedding in the 
Dairadian it gradually swings over 30m to 070. The fault has 
included a gently plunging antiform in the Margie on the west 
bank that folds both Si and the D3 crenulations (Johnson & 
Harris 1967, Fig. 1). This indicates that although the fault 
may have been initiated at any time it had a phase of movement 
probably post D3 Margie. 
72h Dalradian 
To the north of the NEF there is a succession of 
Dairadian pelites and grits, continuously exposed up to the 
mouth of the Burn of Auchmull. This is a 1km traverse oblique 
to the strike of bedding. Immediately north of the fault 
there is 120m of intermixed pelite, semi-pelite and psammite. 
Within this unit, termed pelitic since it contains a 
significant amount of pelite in comparison to the psammitic 
unit to the north, there are several 5m thick bands of pebbly 
grit that form ridges protruding into the river. This 
lithology is succeeded to the north by a sequence dominated by 
psammitic grits, frequently pebbly with abundant blue quartz 
clasts (Figure 7:13a,b), with subordinate thin bands of 
pelite. At the contact between the two units graded bedding 
indicates that the grits are younger than the pelite. This 
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Graded bedding in pebble beds, Dairadian unit. 
Figure 7:13 
(c) Dl folding, Dalradian unit. 
Figure 7:13 
(d) D3 folding, Dalradian unit. 
Figure -7:13 
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Figure 7:13 
(f) D4 crenulations, Dairadjan unit. 





(9) D4 and D5 crenulatjons, Dairadjan unit. 
gritty unit can be traced to just south of the Burn of 
Auchmull ; north of which exposure along the river bank ends. 
The only relief from this succession is provided by two bands 
of pelite, both 50m wide; around the mouth of the Burn of 
Mooran. Throughout this part of the unit bedding youngs 
continuously north so that these pelite bands cannot be 
infolded or the same band repeated by folding. Around the 
Burn of Auchmull there are several bands of pelite and 
semi-pelite. Anderson (1942, 1947) considered this area to be 
the boundary between the grit unit and a pelitic unit to the 
north (see also IGS map sheet 67). Since there is a gap in 
the exposure along the river bank of 1km starting at this 
point and no such boundary can be shown to exist from 
exposures on the hillside to the east of the river, it is 
concluded that there is no evidence to support its positioning 
at the mouth of the Burn of Mooran. 
These rocks have suffered a complex history of 
deformation comprising at least 4 episodes. A comparison of 
the structural sequence displayed here and those found further 
up Glen Esk, along with regional age correlations, is given in 
Chapter 5. It is worth noting however, that in the other 
localities RD2 shear folds are developed but no folds of this 
age have been found in this section. 
North of the NEF bedding strikes 070 but around the Burn 
of Mooran it swings towards 010 and then back to 070 just to 
the north of the second pelite band found there. Throughout, 
bedding dips steeply north or north-west, except for a 150m 
long section starting 200m downstream from the Burn of 
Auchmull where bedding dips steeply south. Throughout the 
section there is an early cleavage, Sl, that dips more gently 
north than bedding (more steeply than bedding in the section 
where bedding dips south). This is a grain alignment or 
pressure solution cleavage in grits and a mica schistosity in 
pelites. Because of the abundant younging evidence it is 
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possible to show that the facing direction of this cleavage 
changes due to subsequent folding. Folding associated with 
this cleavage is rare but is well developed around the Burn of 
Mooran where the Dl folds are isoclinal, have wavelengths of 
less than lm and plunge about 600 west (Figure 7:13c) - the 
same orientation as the SO/Si intersection lineation. When 
working in this particular area great care must be taken in 
distinguishing between Dl and D3 folds since they are of 
roughly the same size and are of similar style. Further, with 
Si parallel to SO it can be difficult, without the aid of thin 
section, to be sure whether a particular fold is folding an 
SO/Si fabric (i.e. D3) or a fine sedimentary lamination (i.e. 
Dl). 
The second set of folds developed in this section are 
found on two scales. The smaller ones have wavelengths of 
between 1 and 2m and plunge at moderate angles to the west. 
Most of the examples of these folds are seen in the area of 
the mouth of the Burn of Mooran (Figure 7:13d) and have a 
moderately strong axial planar schistosity, which is developed 
only in pelites. Several larger scale folds have been located 
from changes in the direction of younging and the facing of 
the Si cleavage. Despite close examination of the areas where 
these fold hinges were inferred only two hinges were observed, 
both synclinal antiforrns; one at the Burn of Auchmuli and the 
other just to the south of the Burn of Mooran. 
Throughout the unit there are crenulations (Figure 7:13f) 
and abundant small folds, with wavelengths up to im, which are 
open in style, plunge gently south-west and consistently verge 
on an antiform to the north (Figure 7:13e). These clearly 
fold Si and as their geometry does not change around the 
second generation folds they must postdate them. Axial planar 
to these folds there is a grain alignment cleavage in grits 
and a strong mica schistosity or crenulation cleavage in 
pelites. This schistosity dips 30 0 N. 
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Subsequent to this folding a fine crenulation and weak 
folding were developed (Figure 7:13g). These folds plunge 20 0 
- 40 0 south-west and verge on an antiform to the south. 
Occasionally they have, in pelites ; an axial planar mica 
schistosity or spaced mica segregation cleavage dipping 25 0 
south. This cleavage clearly cuts across the cores of the 
third folds; thus proving these folds postdate that episode. 
Figure 7:6 is a comparison of the linear structures developed 
in this and the other units. 
7:2i A Comparison of the Structural Sequences Developed in the 
Various Units of the Glen Esk Section 
Figure 7:6 is a compilation of stereonets showing the 
orientations of the various linear structures developed in 
each of the 4 units of this section (S. Margie, JGS, N. Margie 
and Dalradian adjacent to the NEF). This diagram and the 
information on planar structures provided by Figure 7:4 and 
field observations on styles and relative ages are used to 
construct a correlation between the structural sequences 
(Figure 7:14 - the reasoning behind this proposed correlation 
is outlined below). The thesis arising from this study is 
that the sequences from the three HBS units are broadly 
similar but cannot be correlated with the Dalradian sequence 
with the exception of Dairadian D5 and possibly D4. This is 
contrary to the view of Johnson & Harris (1967). 
In all the units the first deformation episode is marked 
by very tight to isoclinal folds with a strong axial planar 
schistosity which lies subparallel to bedding. In the HBS 
units the plunge of these folds, marked by the SO/Si 
intersection and Sl stretching lineations, is near vertical or 
very steep to the west whilst in the Dalradian these folds 
plunge gently west. 
The second set of folds developed in both the JGS and N. 
Margie units are close to open and sharp crested in style with 
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SOUTHERN MARGIE 	 GREENSIONES 	 NORTHERN MARGIE 
Fl rootless isoclines plunge 
steeply west 
Dl: Si grain alignment cleavage 
subparallels bedding 
Li intersection 
F2 sharp crested, open plunge 
gently east 
S2 poor axial planar fabric 
P3 fine crenulations plunge 
70 0  NW 
Fl rootless isoclines sideways 
closing 
Si mica schistosity downward 
facing 
Li intersection - vertical 
stretching 70°W 
P2 close to open sideways 
closing 
F3 fine crenulations plunge 
50°SW 
S3 fracture cleavage 40 0 NW 
Fl isoclinal plunge steeply 
west 
Si grain alignment cleavage 
downward facing 
Li intersection 70°W 
F2 close to open plunge 70 - 85 
NW or SE 
S2 weak, axial planar dips very 
steeply N 
F3 	gentle sub-horizontal 
cr enu ala t ions 
S3 30 0 N dipping 
	
P4 open crenulations plunge 	 F4 kinks and crenulations plunge 
gently west 	 gently SW 
antiform to south 	 antiform to south 
FIGURE 7:14 	a comparison of the structures found in the HBS units of Glen Esk 
near vertical plunges and a very weak, sporadically developed 
axial planar schistosity. These folds generally have 
wavelengths of around 50cm but their changes in vergence along 
the section indicate the presence of much larger folds (see 
Figure 7:4). The strongly sheared fabric in the shear zone 
between these two units is folded by this episode indicating 
an early (possibly syn Dl) development. The second set of 
folding in the S. Margie unit cannot be correlated with that 
of the JGS and N. Margie units since the folds have a more 
open, rounded style and plunge gently eastwards. The second 
episode in the Dairadian sequence, that is the D2 shear folds, 
is not developed adjacent to the NEF but is found 2km further 
north at Craig of Weston (see Chapter 5). 
The third deformation episode affecting the S. Margie and 
the southern part of the JGS is marked by a fine crenulation 
which plunges very steeply north-westwards. Rarely there is a 
NW dipping crenulation or fracture cleavage associated with 
these crenulations. These crenulations are absent from the 
northern part of the JGS unit and the N. Margie unit. The 
Dairadian D3 event is marked by near isoclinal folding, with 
wavelengths up to lOOm. These folds plunge moderately 
south-west and have a good axial planar cleavage in pelites 
but did not produce a fabric in psaimnites. There is no 
obvious corresponding folding in the HBS units. 
The Dalradian D4 folding and cleavage are developed right 
up to the HBF where there are folds with wavelengths of up to 
2m with a strong, northward dipping cleavage and verge on an 
antiform to the north (the Downbend). In the N. Margie unit 
there is a sporadically developed crenulation with sub-
horizontal axes that trend in the same direction as the 
Dalradian D4 folds and have an axial planar, northward dipping 
cleavage. Although there is an obvious size difference in the 
folding across the NEF it is suggested that this episode can 
be correlated from the Dairadian to the N. Margie units. 
Within all the HBS units there is a set of open 
crenulations which plunge gently east or west with a vergence 
onto an antiform to the south. There is a comparable 
structure in the Dairadian which is a fine crenulation or weak 
folding which plunges gently to moderately west, has a 
southward dipping axial planar fabric and verges on an 
antiform to the south. 
It would appear, therefore, that whilst the various 
deformation episodes in the HBS units can be correlated with 
some confidence there is no such correlation with the 
Dairadian unit sequence except for possibly the D4 event and 
almost certainly the D5 event. 
Southern Margie Unit : lithological and structural log 
Section described from north to south along the east bank of 
the river. 
Contact with JGS not exposed - probably a fault. 
4m 	light grey shale 
	
Sc 060/52 0 E 
F3 72 0W on Sc 
F4 15 0 E on Sc 
12zn 	light grey, well cleaved shale 
	 Sc 061/400 
im 	grey, pebbly, poorly cleaved limestone 
abundant angular fragments of shale set in 
a carbonate rich matrix 
25m dolerite dyke 
40m poor exposure of well cleaved shale and 
rare buff grit beds 
3m 	very fissile light grey shale cut by 
crush zone (fault) at N end 
20m 	buff, calcareous grit, younging N 
F2 5 0 to 260 
Sc 076/vert 
Sc 064/76°N 
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15m medium grey well cleaved shale with F2 15° to 040 
purple-green stripes and pods. ax p1. dips 80°N 
Thin grit bands, some calcareous. no ax. p1. 
Some grits grade to good limestones fabri c 
12m dolerite dyke 
1.5m well cleaved grey shale 
1 Om 
23m buff grits with thin, discontinuous grey Sc 102°/70°N 
and cream shales. 	Weak reaction to acid 
indicates carbonate cement in grits. 
5m 
1.5rn white & cream shales with thin red 	Sc 040/40°N 
shale seams, becomes red shale dominated 
to S 
lim 
2m white and cream shale with red seams Sc 050/69°N 
F2 20 0 to 072 
7m khaki grey shale Sc 051/71°N 
22m buff grits with thin shale partings Fl 80° to 270 
5m 
4m well cleaved grey shale Sc 160/20 0 E 
3m 
20m scraggy exposures of buff-red grits Sc horizon 
younging to north 
4m white and cream shales 
core of D2 antiform 
50m buff grits with little shale Sc horizon 
several gently E plunging D2 folds 
50m buff-red grits with thin grey shales 
several large, gently E plunging D2 folds 
30m buff-red grits with red shales younging Sc 080/74 0S 
north Sc 081/70°N 
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lOm pale cream grits 	 SO 079/56°N 
Si 076/65°N 
5m 	buff, well cleaved shale 	 Sc 075/vert 
19m 	reddish brown grits 
crest of D2 antiform 
lm 	buff shale 	 Sc 070/70°N 
80m scraggy exposure of buff-red grits 
The contact with the ORS is not exposed on the east bank, but 
is exposed on the west bank where it is either an unconformity 
or a fault. 
JGS lithological and structural log 
Section is described from north to south along the east bank of 
the river. 
8m 	Greenstone conglomerate clasts of 	Sc 076/72°N 
greenstone, dolerite, gabbro and rare 
cherts and acidic rocks, set in 
greenstone schist matrix. 
Clast size 1cm - 15cm. 
lm 	southern contact of conglomerate in this 
gap - probably a fault 
130m Dark, poorly cleaved to massive shale 	Sc 070/400N 
rich in lenses and streaks of quartz/ kinked by gentle 
calcite smeared out in Si. Gradually 	W plunging kinks 
becomes better cleaved in southern lOm. antiform to S 
Fault 
18m massive chert free greenstone 	 Sc 054/76°N 
well cleaved. Wafer thin seams of 
chlorite and sulphide 
9m 	well cleaved shaley greenstone. 	 Sc 058/800N 
Thin, discontinuous chert seams, with 
rare 2cm thick continuous cherts. 
5m 	massive greenstone - no chert 	 Sc 047/80°N 
Li 86°W on Sc 
9m 	well cleaved greenstone - thin chert seams 
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lm massive greenstone. 	Bands of calcite Sc 054/710N 
filled vesicles indicating younging F3 30°W on Sc 
south. 
12m interbedded massive, poorly cleaved Si 065/70°N 
greenstone and well cleaved shaley SO 066/65°N 
greenstone SO 10-50cm 
5m poorly cleaved vesicular greeristone 
younging south (vesicle fining) rare, 
thin chert seams 
3m poorly cleaved greenstone with thin F3 28°W on Sc 
discontinuous chert seams 
6m well cleaved greenstones chlorite F2 800 to 096 
streaks in Si planes 
2m 
Sm 	blue green well cleaved greenstone - 	Sc 060/65°N 
no chert 
25m 
9m 	siliceous, variably cleaved cherty greenstone 
3m 	black shale and red cherts - heavily iron 
stained rich in sulphide 
lm 
4m 	massive, poorly cleaved greenstone. 
Vesicles indicate younging south 
lm 	shaley, well cleaved greenstone 
3m 	poorly cleaved greenstone. Southern 
lm heavily calcite veined and rich in vesicles 
6m 	well cleaved greenstone 	 Sc 056/66°N 
Ll 790w on Sc 
F3 30°W on Sc 
S3 038/400N 
Fault - marked by small crush zone. 
2.5m poorly cleaved greenstone 
21m dark, poorly cleaved greenstorie - 
under power lines 
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Fault - small crush zone 
1.6m well cleaved greenstone - no chert 
1.5m well cleaved greenstone - thin chert seams 
2m well cleaved greenstone - no chert S3 056/38°N 
9m well cleaved greenstone with abundant Fl 79 0 to 242 
red chert seams. 	Cherts less common to 
north where calcite filled vesicles are 
common. 	Chert seams define rootless Dl 
isoclines. 
7m well cleaved greenstone - no chert 
1.5m well cleaved greenstorie - thin chert seams 
Bin light blue-green well cleaved greenstone F2 22 0 to 223 
to south veins of orange and white Sc 063/82 0 S 
carbonate cracks have bleached walls Li 85°W on Sc 
F4 5 0 E on Sc 
2m Heavily iron stained black shale, rich Sc 052/82 0 S 
in sulphides - grains and veins, con- 
centrated in N 
7.5m well cleaved greenstone - thin chert Sc 054/80 0 S 
seams F3 30°W on Sc 
F4 iO°E on Sc 
2m massive, poorly cleaved greenstone Sc 049/62 0 S 
Li marked by chlorite ellipses in Si Li 85 0 E on Sc 
9m well cleaved shaley greenstone, thin SO 039/83 0 S 
discontinuous chert seams Sc 036/78 0S 
Fault - knick into bank and crushing 
lm well cleaved greenstone - thin chert F4 horizon 
abundant vesicles and calcite veins 
4m well cleaved greenstone - thin chert SO 048/82 0S 
seams no calcite veins or vesicles Si 054/85°S 
Li 85°W on Si 
2m well cleaved greenstone - thin chert F2 86 0 to 271 
seams abundant vesicles and calcite veins 
4m well cleaved greenstone - thin chert SO 040/82 0 S 
seams chlorite seams in Si Si 045/85 0 S 
Li 86 0W on Si 
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lm 	well cleaved greenstone 10cm thick 
continuous chert seams 
5m well cleaved greenstone - thin chert seams 
3m well cleaved greenstone - abundant SO 062/78 0 s 
calcite veins, some with a little 81 070/80 0 S 
chlorite and sulphide 
18m poorly cleaved greenstone - continuous SO 043/78°N 
chert beds; up to 30cm thick in S Si 046/74°N 
abundant calcite veins in south. F4 7 0 to 241 
Li marked by chlorite ellipses in Si 
6m poorly cleaved greenstone - rare thin F2 70 0 to 276 
chert seams. 	Rich in calcite lenses 
26m green - blue moderately well cleaved 
greenstone. 	Abundant F2 rare thick chert 
seams and pods, abundant thin chert seams. 
Chlorite seams in Si 
29m massive greenstones, thick continuous chert 
beds (50cm - im thick) some with sulphides 
9m interbedded thick cherts and greenstones Sc 010/64 0W 
SO up to im thick Li vert on Sc 
F3 32 0W on Sc 
River bank inaccessible section continues along path 
0.5m chert 
6.5m well cleaved greenstone Sc 039/78°N 
P4 8 0 to 218 
0.4m chert 
3.5m well cleaved greenstone shale 	 F4 5 0 to 225 
0.5m chert 
2.5m well cleaved greenstone 
4m 	massive poorly cleaved greenstone with 
thin continuous green cherts 
2m 	well cleaved, shattered greenstone 
lm 	chert 
llm massive, poorly cleaved greenstone 
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2.5m chert 
Section continues along river bank 
5m 	chert pod - continuation of the 2.5m chert 
of the path section 
lOin 	massive, poorly cleaved greenstone, rare F2 80 0 to 110 
thin chert pods, chlorite streaks in Si 
7m 	thick red cherts and siliceous greenstone 
25m pillowed greenstone - possibly younging S 
no cherts 
1..5xn rubbly, scoraceous horizon 
35m massive, poorly cleaved greenstone 
80m pillowed greenstone. Younging south 
thin cherty seams between pillows 
5m 	poorly cleaved massive greenstone 
23m shaley, well cleaved greenstone 
Fault 
9m 	pillowed greenstone 	 So 042/81js 
Si 040/86°N 
F2 80 0 to 109 
30m well cleaved greenstone - thin chert 	F2 76 0 to 076 
seams 
5m 
Contact with Southern Margie unit not exposed certainly 
tectonic, probably a high angle reverse fault. 
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7:3 	Kirkton of Balfour 
Along the Burn that passes through Kirkton of Balfour 
[603 7351 there are scattered exposures of the JGS series. A 
more detailed description of the lithologies and structures 
(see Figure 7:22 for a compilation of these structures) 
displayed at each exposure is given below, but the succession 
may be summarised as follows:- 
To the south of the kirk there are scattered exposures of 
the Lintrathen porphyrite, both along the burn and the 
roadside. The contact between this and the JGS is not exposed 
but must be located just to the south of the kirk. The 
southern part of the JGS unit is composed of greenstone schists 
without cherts. There is a variably developed cleavage (Sl) 
subparallel to SO. 	By the kirk there are possible pillow 
shapes in some of the poorer cleaved greens tones. 	In the 
middle of the unit the greenstones become streaked with 
chloritic seams and calcite filled vesicles are locally 
common. The sequence then passes northwards into well cleaved 
greenstone shales with abundant cherty seams and frequent 10 - 
20cm thick, continuous chert beds. Where the burn enters a 
coniferous wood there is a small exposure of the greenstone 
conglomerate. There is no evidence of shearing within the 
exposure but neither contact is exposed. To the north of the 
conglomerate there is a gap in the exposure of 150m before 
scattered exposures of Dalradian Schists are found. Barrow 
(1901) examined the ground before the wood was planted and 
found a unit of Margie Grits outcropping to the north of the 
conglomerate. 
Sedimentary and Structural Log 
Section described from south to north starting at the kirk. 
massive poorly cleaved greenstone. Li defined Sc 074/73°N 
by intersection of SO/Si and by chlorite 	Li 82 0W on Sc 
ellipses lying in Si. 
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Small road cutting - well cleaved 
greenstone shale. 
By the burn - 
well cleaved greenstorie with small, open 
folds of Si (F4), good ax. p1. fabric 
antiforni to the north 
Sc 064/73 0N 
Sc 070/70°N 
F4 25 0 to 234 
S4 063/50 ° N 
120m 
35m 
Under power cables - 
poorly cleaved greenstone becomes better Sc 070/70°N 
cleaved towards the N where calcite 
filled vesicles, flattened in Si, are 
common. 
F3 crenulations plunge gently west 
70m 
lOm 
Quarry on west bank - 
well cleaved greenstone shale 
abundant chioritic seams. D3 
crenulations have an axial stretching 
lineation. 
By the burn - 
poorly cleaved greenstones 
Well cleaved chlorite streaked greenstone 
with abundant calcite filled vesicles 
F2 folds vertically plunging 
well cleaved greenstone with 5-10cm 
thick continuous red chert beds 
Ll chlorite ellipses on Sc 
F3 crenulations with weak schistosity 
Greenstone schists with 5cm thick red 
chert beds and abundant cherty seams 
F3 crenulations antiform to north 




Sc 080/82 0 N 




Li 83 0W on Sc 
F3 5 0 to 261 
Sc 071/80°N 
P3 22 0 to 234 
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Greenstone conglomerate - 3m of exposure, neither contact 
exposed. Pebbles of various basic igneous rocks and rare 
red cherts and quartz + feldspar rocks, set in greenstone 
shale matrix. Pebbles range from pea size to 5cm. 
Pebbles flattened in Si, elongated in Li. 
Specimens GE24; GE25 
130m 
most southerly exposure of Dairadian Schists. The gap in 
the exposure contains a Margie Grit outcrop (Barrow 1901). 
7:4 	Crichie Burn 
Around Home Farm there are scattered exposures of ORS 
sandstones and shales. In the burn itself, just north of the 
farm, there are some deeply weathered exposures of greenstofle 
shales and cherts. The contact between the ORS and the JGS is 
not exposed. There are scattered exposures of JGS shales for 
350m upstream of the farm but the exposure is poor and nothing 
of value can be said about this lithology or its structures. 
A Margie Grit unit crops out to the north of the greenstones. 
Figure 7:15 is a sketch map of the geology of the Margie unit 
and its contacts. 
The northern contact of the JGS unit, against the Margie, 
occurs just to the south of an old limestone quarry into the 
east bank of the burn. The actual contact is not exposed but 
both the Margie and JGS shales, which are only a few metres 
apart, are notably crushed. 'ihe contact is obviously tectonic 
(Barrow 1901) but it is impossible to say if it is a shear, 
similar to that of Glen Esk, or a fault. 
There are old quarries into both banks of the burn but 
the only limestone now exposed in either is a lm thick band, 
bounded on both sides by dark grey shale, seen on the north 
face of the eastern quarry. The extent of quarrying is 
obviously much greater than would be expected from this thin 
band (both quarries are some 20m across). This particular 
limestone band may have been repeated by isoclinal folding 
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(Barrow 1901, fig 2 page 336) or there may have been several 
bands, as in Glen Esk (see Figure 7:10). To the north of the 
quarries there is some 30m of buff grits with cream or dark 
grey shales extending to the base of a 4m high waterfall. 
There are few structures developed in this exposure of 
the Margie. The earliest cleavage, Si, is a strong grain 
alignment cleavage which is parallel to bedding. No folds 
were found that are associated with this cleavage though the 
SO/Si intersection lineation generally plunges gently west. 
The orientation of bedding is somewhat variable within this 
Margie unit (see Figure 7:15). At the quarries SO is 
orientated 098/43°N but upstream it swings to 121/75°N and 
then back to 092/57°N at the waterfall. This may be the 
effect of a seconc4 generation fold or could have been caused 
by dragging along the two tectonic contacts of the unit. 
The contact between the Margie and Dalradian units is 
exposed a third of the way up the waterfall mentioned above. 
There is no obvious brecciation or crushing at the contact but 
it is marked by a 30cm wide zone which appears to consist of 
imterutixed slivers of highly strained Dairadian and Margie 
material. In thin section (see Figure 7;16) this material is 
seen to consist of elongate quartz rich slivers ana broken 
quartz grains surrounded by inylonitic seams or anastomosing 
snaley seams. The contact cuts across the general trend of 
bedding the Margie unit and in particular, truncates the 
north-west end of the western limestone quarry (see Figure 
7:15); it is obviously tectonic. 
The Dairadian grits and semi-pelites to the north of the 
contact have a distinctive olive green colour as opposed to 
the khaki colour of the Margie rocks. Bedding in the 
Dairadian is paralleled by a grain alignment cleavage and in 
some places by a pressure solution cleavage (Sl). A faint 
lineation (stretching?), lying on this cleavage plane, plunges 
gently or moderately west. The only folds to be found are 
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CRICHIE BURN SKETCH MAP 
D-AL/MARGIE CONTACT 
strongly sheared contact 









































43 dip/strike bedding 









Photomicrograph (x25) of a specimen from the sheared contact of 
the BBS and the Dairadiari, Crichie Burn. 
small and open in style, plunging gently east and verging on 
an antiform to the south. They fold Si. Near the contact, 
and for some way upstream, SO is orientated about 090/50 0 N. 
Throughout all the units of this section there is no 
indication of younging. Barrow's (1901 page 336) contention, 
that the sequence from south to north, of limestone - dark 
shale - chocolate shale - Margie Grit, could be correlated 
with the sequence of Glen Esk to show that the unit youngs 
south, was made at a time when the quarries were fresh and 
cannot be confirmed today. 
7:5 	Clatterin' Brig 
Exposure in this area is confined to an old limestone 
quarry behind the restaurant and along Slack Burn (see sketch 
map in Figure 7:17). 	The old limestone quarry is now 
overgrown and not very informative but Barrow (1901 p337) 
proviaes an excellent descriptive account of the various 
lithologies and their relationships. 	He observed that the 
body of the quarry is formed by part of the Margie series, 
including a limestone, which is isoclinally folded to that 
the upper beds of the Margie series are in contact with the 
Highland Series Dairadian on the north side, and with slatey 
shale anct Jasper JGS to the south. 	He also notes that 
these contacts are not marked by fault crush but by wintense 
shearing, and both are probably thrust planes". 	On higher 
ground to the west Dairadian Schists are in direct contact 
with the JGS, there is no intervening Margie unit. Barrow 
explains this by the intersection of the two planes that bound 
the Margie at the top of the western end of the quarry . 
the more northerly plane cuts the more souther lyu. 
The exposure along Slack Burn is of better quality than 
that in the quarry and, although the contacts between the 
units are not exposed, the various lithologies and structures 
can be examined. This section is most conveniently described 
from south to north.. The ORS adjacent to the BBS is a felsitic 
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Possible tectonic boundary 
Restaurant 
C Quarry 
A Qtz/feld pebble bed - ?Dal/Margie 
B Old quarry - no exposure 	 SKETCH MAP OF 
?Margie limestone 	 I 	DALRADIAN / HBS 
1 00 	 EXPOSURES AT 
I 	 I 
CLATTERN' BRIG 
FIGURE 7:17 	a sketch map of the KBS outcrop, Clatterin' Brig 
Figure 7:18 
(a) Photomicrograph (x25) of a greenstone from Clatterin' Brig. 
- 	Showing interlocking feldspar laths, a relict igneous texture. 
Figure 7:18 
(b) Photomicrograph (x30) of a greenstone fromClatterin' Brig. 
Showing retrogressive pseudomorphs after phenocrysts -?Olivine. 
Figure 7:18 
(c) Photomiàrograph (x35) of a greenstone schist from Clatterin' 
Brig. 
Showing the dominant 51 schistosity cut by a network of 
extensional, quartz/calcite filled veins. 
• .• .• 	
,; *- I 	 - 
.'. 	-•'•' 	 -..- 	 ..- 	 -' 	: 	. 	.•- 	• 
• 	F 	•;• I 	 ,.A 	i 	 .•'•. 	 ...- 
'c;',1 	 • I4• . - 	 , 
- 	 - 	
•4t 
•'I •,. 	
-',---. 	 .1 	 •-• 
t -,.4ig':k• 	 -. 	-: 
p 
— 	
.•: 	 ' •'- "2 	•' 	 (1•' 




tuff - a continuation or equivalent of the Lintrathen 
Porphyrite. To the north of this there is some 150m of 
greenstone schists ; presumably part of the JGS though cherts 
are absent. Many of these greenstones show relict igneous 
textures (Figure 7:18), such as pseudomorphed phenocrysts and 
interlocking feldspar laths, whilst other, more schistose 
varieties, were probably sediments. 
Bedding in this greenstone unit trends around 080 and 
dips very steeply north or south. Subparallel to bedding 
there is a variably developed schistosity marked by elongate 
quartz and feldspar grains and a strong alignment of muscovite 
and chlorite plates. The SO/Si intersection lineation plunges 
80 0 to 230, parallel to the axes of rare, small isoclines, to 
which 5l is axial planar. Sl is folded by sporadically 
developed sharp crested, close folds which plunge gently 
west. Although there is no axial planar schistosity 
associated with these folds there is occasionally a 
crenulation cleavage, in some of the more shaley greenstones; 
that is probably S2. Many of the lithologies in this unit 
react with acid but they are not limestones and in thin 
section this is seen to be the result of carbonate filled 
microfractures. There is no evidence as to the way up of this 
unit. 
To the north of the greenstones there is lOOm of rather 
patchy exposure along the westen side of the valley of Slack 
Burn (see Figure 7:17). The most southerly of these exposures 
is composed of three beds, each about 2m thick, of a 
conglomerate consisting of 1 - 2cm, rounded quartz and 
feldspar pebbles, flattened in the plane of SO/S1. All these 
conglomerate beds young to the north. This is very similar to 
a conglomerate described from Margie Burn. It is difficult to 
decide whether the other rocks in these patchy exposures 
belong to the Margie or Dalradian units. The first undoubted 
Dalradian Schists are exposed in a small gully that joins 
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Slack Burn from the NW (see Figure 7:17). There is no counter 
part to the limestone quarry on the east side of the valley 
which indicates that the Margie unit may not extend very far 
to the east of the quarry described above. It may be a small 
tectonically bounded body, as shown in Figure 7:17. 
	
7:6 	Burnieshaig Quarry 	 - 
This is an old limestone quarry about 1.5km NE of 
Drumtochty Castle. It is now heavily overgrown and the 
exposure is poor but Barrow (1901 p338) provides a descriptive 
account of the lithologies in the quarry and their contacts, 
of which the following is a summary. The quarry is into a 
Margie unit which consists of isoclinally folded limestone and 
grey shale. The fold axes are subhorizontal with a gentle E/W 
plunge. Both contacts, with the JCS to the south and the 
Dairadian to the north, are marked by shearing and are 
considered to be thrusts. Both contacts cut across bedding in 
the Margie at a shallow angle. The bounding thrusts can be 
seen to intersect at both ends of the quarry. There is no 
Margie exposed on the hillsides to the west and east of the 
quarry where it appears that the Dairadian and JGS are in 
contact. 
7:7 	Stonehaven 
At the coast the FiBS forms a 1km long, lOOm wide outcrop 
extending from Ruthery Head across Craigeven Bay to Carron 
Point (Figure 7:19). Here the HBS is a complex sequence of 
pillow lavas, massive and shaley greenstones, cherts and 
carbonate udykesR,  the whole being part of a JGS unit. There 
is no exposed equivalent of the Margie unit. To the 
south-west the HBS is unconformably overlain by ORS sediments 
whilst to the north it is separated from Dairadian grits by a 
fault. 
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A - offsetting of chart beds by faults 
inset: small faults of various ages 
B - bifercation of charts 
C - interdigitation of chert/greenstone boundary 
D - carbonate dyke occupying a fault Irie 
FIGURE 7:20 	sketches of various structures from the HBS 
outcrop, Craigeven Bay 
7:7a Lithologies 
As Figure 7:19 shows the complex can be divided into four 
separate lithological units, the boundaries of which run 
roughly parallel with the northern, faulted contact of the 
outcrop. 
Pillowed lavas:- In many places, notably Ruthery Head, 
the greenstones display distinct keeled pillow shapes, 
separated from each other by thin shaley partings or 
rarely by cherty seams (Figure 7:21f). 	There are no 
internal structures to these pillows, which are formed of 
siliceous greeristone. Where the pillow shapes are clear 
there is no distinct cleavage except in the shaley 
partings. 	In areas where the pillow shapes are less 
distinct the greenstone carries a weak cleavage, usually 
marked by chlorite partings. 
Interbedded cherts and greenstones:- Some parts of the 
complex are characterised by abundant red, or rarely 
black, chert beds; varying in thickness from a few 
centimetres to lm and frequently persisting along strike 
for 30-40m. These cherts are interbedded with finely 
cleaved chioritic, shaley greenstone and, less commonly, 
with poorly cleaved, siliceous, vesicular greenstories. 
The chert beds commonly bifurcate or in extreme cases 
show irregular boundaries, 	interdigitated with the 
surrounding greenstone (Figure 7:20). 	Internally the 
cherts display alternating red and black layers on all 
scales from less than 1mm to several centimetres. 
Frequently this layering becomes irregular, almost f laser 
like, and is sometimes contorted by sedimentary folds 
(Figure 7:21b). Towards the northern end of the outcrop 
the cherts frequently contain layers and seams of 
sulphides (principally pyrite and chalcopyrite) parallel 
to the internal layering. Usually the amount of sulphide 
is restricted but, in places, it is massive over an area 
of a few centimetres. 
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Greenstones without cherts:- These greenstones are 
identical to those of unit (ii) and this unit is 
distinguished solely by the total absence of cherts. 
Carbonate udykesw  and net veining:- The term "dyke is 
applied to these bodies to describe their thin, vertical, 
sheet like nature and the fact that they cut across 
bedding. It is not meant to imply an intrusive origin. 
These dykes which are composed of quartz and carbonate, 
weather a yellow ochre colour, presumably reflecting an 
appreciable iron content in the carbonate. There are 
several such bodies within the outcrop (see Figure 
7:19). The contacts between the country rock and these 
dykes are generally sharp and distinct but, very rarely, 
they can be indistinct over a few centimetres. 
Internally 	the 	dykes 	are 	variable 	in 	their 
characteristics. The colour ranges from light yellow to 
deep orange and; in places, it is obvious that the 
lighter coloured material has been brecciated, forming 
angular slightly rounded fragments, with darker coloured 
material acting as a cementing matrix. Frequently these 
dykes offset such features as bedding and, in some cases, 
it is obvious that they occupy parts of fault planes (See 
Figure 7:20). 
As these dykes cut across the tectonically produced 
cleavage they cannot be of sedimentary origin, indeed 
they appear to have been formed late in the tectonic 
history of the complex. They may have been developed by 
the replacement of rock adjacent to fault planes along 
which carbonate solutions were migrating. The 
greenstones and cherts typically contain opaque minerals, 
such as sulphides and chromite, which would be expected 
to resist such replacement. Yet, despite a careful 
search, no opaque minerals were found in the carbonate 
dykes. If replacement did occur it must have been 
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extraordinarily complete. 	Where such dykes cut across 
interbedded cherts and greenstones the edges are straight, 
there is no evidence of any preferential replacement of a 
particular rock type. Combining these features, and noting in 
particular the apparent internal brecciation and cementation by 
carbonates of different compositions, it is likely that these 
dykes represent the intrusion of some form of carbonate fluid. 
In many places, but in particular, near the northern 
contact of the complex, the greenstones are net-veined by white 
or orange carbonate. Frequently these veins form sets that 
displace each other and seem to be filling microfaults. Other 
veins form genuine nets of interlocking veins of the same age. 
The later type are invariably composed of fibrous carbonate 
that grows away from the walls and indicates only one episode 
of infillthg. 
Along Skatie Shore and Perthumie Bay there are numerous 
late, small faults (related to the HBFP) that are filled with 
orange carbonate material. This presumably originated from the 
same source as the carbonate material in the IIBS. 
7:7b Deformation 
As a unit this outcrop of the HBS has suffered at least 
three episodes of tectonic deformation. Within certain chert 
bands, however, it is common to find a series of apparently 
chaotic folds that have no consistent style or orientation, are 
intrafolial, and are truncated by bedding planes 
(laminations). These folds predate the first recognisable 
cleavage and would appear to be sedimentary slump or soft 
sediment deformation folds. 
The first tectonic fabric is a very strong mica 
schistosity or gain alignment cleavage, depending on the host 
lithology. It is developed throughout the complex and has a 
constant orientation around 060/70 0 N. Where there is an angle 
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Figure 7:21 
(a) Dl folds of the contact between a chert band and yreenstone 
shale, JOS, Craigeven Bay. 
I 
Figure 7:21 









Contorted yreenstone shale close to the HBF, Garron Point. 
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Figure 7:21 
Kink bands of Si pressure solution cleavage in Dairadian 
schists of Skatie Shore that are thought to be caused by 
movements along the HBF. 
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(f) Pillow lavas showing a definite way up, Ruthery Head. 
between SO and Si the intersection lineation plunges moderately 
eastwards and Sl always dips more gently north than SO. 
Wherever pillow shapes can be distinguished the younging 
direction is always to the north; so that 51 is consistently 
downward facing. Associated with this cleavage there are rare 
isoclines which plunge moderately eastwards (Figure 7:21a) 
(parallel to the 50/51 intersection lineation). With the 
exception of the cherts there is a general absence of 
- -- - -distinctive marker horizons within the unit so that these folds 
appear to be restricted to the laminated cherts or chert/ 
greenstone contacts. These folds never have wavelengths in 
excess of 30cm and no obvious sense of vergence could be 
determined. 
Si is folded by rare, open, sharp crested folds whose 
axes plunge gently NE/SW. These folds are larger than the Dl 
examples; often with wavelengths up to 2m. Throughout the 
complex they have a consistent sense of vergence which is 
towards an antiform to the SE. No axial planar fabric was 
distinguished in the field but in some thin sections there is a 
crenulation cleavage. 
Subsequent to the D2 episode there was a series of 
brittle and seniibrittle events that produced a complex sequence 
of kinks, drag folds and associated faults. The orientation 
and age of the folding is dependent on the associated 
faulting. Within small areas these faults can be divided; on 
the basis of mutual offsetting and orientation, into sets, but 
it has proved impossible to expand these correlations to the 
whole complex. 
7:7c Contacts 
The northern contact of the HES passes along the northern 
side of Garron Point; across Craigeven Bay and through the 
first green of the golf course (Figure 7:19). It is clearly a 
fault; the Highland Boundary Fault (HBF) of Nicol (1863). For 
MMIM 
most of its exposed length the contact is followed by a thick 
carbonate dyke ; a feature that is obvious in Craigeven Bay. At 
Howe Skatie Grain the dyke leaves the contact and the REF is 
exposed at low tide in several places. Here the HES is marked 
by 1.5m of gouge, composed of small, angular, grit fragments 
set in a soft; blue coloured clay matrix. 
There has been considerable deformation of the rocks on 
- 
	
	both--aides--of the--EBF-- The -greenstonesare notably crushed ; 
with a disrupted Si fabric, for lOm away from the contact 
(Figure 7:21c). Close to the contact there has also been some 
limited buckle folding of Si which does not relate to the 
deformational sequence developed in the rest of the REF. The 
Dalradian Grits have been crushed for up to 50m from the HBF. 
These grits have also been buckled into open folds of $1; 
nicely exposed in Craigeven Bay where there is an antiform/ 
synform pair with a gentle SW plunge (Figure 7:19). Shakleton 
(1957 p. 366) noted that these folds 'are unlike the tight; 
usually isoclinal folds seen in the rest of this section and 
probably originated in connection with the faulting." From the 
HBF to the middle of Perthumie Bay there are numerous kink 
bands of 31 (Figure 7:21d) ; both in conjugate pairs and single; 
with a variety of orientations. Their restriction to the zone 
adjacent to the HBF suggests that they are related to movements 
along the fault plane. They have a variety of orientations, 
suggesting that they were produced at several times; and which 
indicates a history of movement along the REF. 
The contact between the HBS and the ORS is well exposed 
on the SW side of Ruthery Head (Figure 7:19) where it is 
clearly an unconformity (Campbell 1913). Adjacent to the 
unconformity the ORS is composed of red sandstones and 
conglomerates; in which bedding dips steeply SW. The 
greenstones here have been -heavily stained red for several 
metres below the contact but bear a cleavage (Si) which dips 
steeply N. It is by tracing the boundary between rocks that 
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bear this cleavage (BBS) and those that do not (ORS), that the 
irregular surface of the unconformity can be seen (Figure 
7:21e). Small patches of cleaved rock surrounded by ORS 
material are exposed along the cliff face. The unconformity 
must pass along the face of the cliff that forms the SW side of 
Ruthery Head. Although it is not exposed it is obvious from 
mapping that this unconformity must truncate the HBF and that, 
just to the west of the golf course; ORS must lie directly on 
- - - —top of Dalrad-ianGr-i-ts-. 	----------- 	 - - 
As can be seen from Figure 7:19 there has been a complex 
history of minor faulting that has affected this outcrop of the 
BBS. It is obvious in the field that there have been several 
episodes of movement and fault formation (the details of which 
were only briefly investigated in this study). 
7:8 A Comparison and Proposed Correlation of the BBS Structures in 
the Sections Examined 
A comparison of the styles and the proposed correlations 
of the deformation structures found in the BBS sections 
examined during this study is provided by Figure 7:22. These 
correlations are based on style and relative chronological 
order. Little account was taken of orientation, since there is 
abundant evidence of a prolonged and complex history of 
tectonic movement within the HBF zone which must have resulted 
in the relative rotation of the various BBS bodies. 
In all the sections examined the earliest fabric is a 
strong schistosity that lies parallel or subparallel to 
bedding. This fabric can be shown to be axial planar to small 
isoclinal folds in all but the Kirkton of Balfour and Crichie 
Burn sections. The scarcity of reliable younging evidence and 
repeated refolding precludes any consideration of the general 
facing of this cleavage. The presence of a strong axial 
stretching lineation in all sections and the general 
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pervasiveness of this schistosity emphasises the greater 
intensity of this deformation relative to the subsequent 
episodes. 
The second set of folds are developed in all sections and 
- are close to tight; sharp crested and usually accompanied by a 
weakly developed crenulation cleavage that is restricted to the 
fold cores. Only in the Margie Burn and Glen Esk (S. Margie 
-- - 
 
-unit-)- are these folds abundant and the associated cleavage not 
restricted to the cores of the folds. At Crichie Burn such 
folding may well be indicated by changes in the orientation of 
bedding; as shown in Figure 7:15. 
Structures developed later than those of the above two 
episodes are only found in the Glen Esk and Kirkton of Balfour 
sections; though it is common to find localised drag folding 
associated with faulting in all the other sections. In both of 
these sections the third episode is marked by a set of fine 
crenulations with an associated fracture cleavage (Glen Esk) or 
stretching lineation (Kirkton of Balfour). The fourth set of 
structures are postulated in both sections to be the 
equivalents of the Dalradian RD4 (Downbend) episode. In the N. 
Margie unit of Glen Esk there are gentle crenulations and a 
cleavage which have the same orientation as the Downbend 
related structures in the adjacent Dalradian. There is a 
notable difference in the scale of folding across the NEF but 
this could be due to the removal by faulting of a piece of 
terrain subsequent to the folding. In the Kirkton of Balfour 
section there are small oepn folds; with an associated 
northward dipping cleavage, which verge on an antiform to the 
north. These structrues have the same orientations as the 
Dairadian RD4 structures in the nearest Dalradian outcrop. The 
absence of these structures in the other sections is to be 
expected since in the adjacent Dalradian Schists the area of 
development of the RN structures does not extend as far south 
as the HBF. 
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MARGIE BURN 	 GLEN ESI( 	 KIRKTON OF BALPOUR 
Fl isoclinal folding 
51 axial planar, subparallels 
bedding 
1.1 intersection 
P2 close, sharp crested 
D2: 52 axial planar sporadically 
developed 
Fl isoclinal folding 
51 axial planar subparallels 
bedding 
Ll intersection and stretching 
P2 close, sharp crested 
32 weak, axial planar 
51 subparallels bedding 
Ll intersection and stretching 
P2 close, sharp crested 
82 axial planar sporadically 
developed 
P3 fine crenulations 
	 P3 fine crenulations 
33 rare, fracture cleavage 
	 L3 axial, stretching 
D4 
D5: 
P4 open crenulations 
54 30 °N dipping schists 
(equivalent to the Dalradian 
Downbend event) 
P5 open crenulations 
antiform to south 
P4 small open folds 
antiform to north 
34 30°N dipping schist 
(eqivalent to the Dalradian 
downbend event) 
CRICNIE BURN 




31 axial planar subparallels 
bedding 
Ll intersection and stretching 
S TONE HAVEN 
Fl isoclinal 
51 axial planar 
downward facing 
P2 large open fold 
	
P2 tight, sharp crested 
	
P2 close, sharp crested 
D2: 
	 52 weak, axial planar 32 rare, axial planar 
FIGURE 7:22 comparison and correlation of the structures in the Highland Border Series 
In Glen Esk there is a further set of structures, open 
folds and crenulations, which verge on an antiform to the south 
and plunge gently west. These are related to a similar set of 
folds in the adjacent Dalradian which can be shown to postdate 
the formation of the Downbend. It would appear; therefore; 
that on grounds of style and relative chronologicl order there 
is a regular sequence of structures developed in all the HBS 
sections examined. This consists of two main fold episodes 
-- -_ developed--in -all- sections; --and subsequently- three minor; 
crenulating episodes found around Glen Esk and Kirkton of 
Balfour. In these two sections there is evidence to suggest 
that the FIBS and Dalradian were juxtaposed before the Dalradian 
D5 and probably before the RD4 (Downbend) episodes. 
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CHAPTER 8 
A MODEL FOR THE EVOLUTION OF THE HIGHLAND BORDER SERIES 
8:1 	The Age and Nature of the HBS/Dalradian Contact 
From the evidence that was presented in the previous 
chapter, in particular from the Glen Esk section, it is 
-- --- apparent- --that - the BBS and -the- --Dalradian- were - probably - 
juxtaposed after the Dalradian RD3 event. Although the HBS 
itself has suffered a multi-deformational history the early 
structures do not appear to have counterparts within the 
Dalradian sequence. It is not until the Highland Border 
Downbend (HBD) event; Dalradian RD4, that the two structural 
sequences appear to be correlatable. 
Within this field area the actual contact between the HBS 
and the Dalradian can be seen at only three locations (Glen 
Esk, Crichie Burn and Garron Point -see Figure 7:1); at each 
of which it displays a different nature. In Glen Esk (section 
7;2g) the contact, known locally as the North Esk Fault 
(Barrow 1901), is marked by a crush zone less than 50cm wide 
and clearly cuts the early foliations (so/Si) of both the N. 
Margie and Dalradian units (Figure 7:10). There is evidence 
(p104 and Johnson & Harris 1967) that there is an antiformal 
drag fold associated with the fault in the Margie unit, which 
folds the Si fabric and Margie D3 crenulations (correlated 
with the Dalradian RD4). It is suggested that the North Esk 
Fault may be a late stage structure, somewhat localised and 
unimportant. 
At Crichie Burn the contact is marked by a 30cm wide zone 
of intermixed, highly strained slivers of Dairadian and Margie 
material. As is discussed in section 7:4, this zone contains 
mylonitic seams and is somewhat sheared. It appears to be 
intermediate in nature between ductile and brittle 
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deformation. The contact clearly cuts across bedding and Si 
in the Margie unit (Figàre 7:15) but parallels the Dairadian 
foliation (SO/Si). 
The contact at Garron Point is described in some detail 
in section 7:7c. It is clearly a brittle structure, deforming 
the HBS and Dalradian for several metres on either side. 
Although for the most part the plane of the contact is 
- ---------- occupied by -a car-bonate, wdyke w system, where it is visible, it 
is marked by a 1.5m thick clay gouge. Associated with the 
contact fault there is a temporally complex sequence of minor 
faults and extensional veins that indicate a prolonged history 
of movement. 
It is suggested that at least the Crichie Burn locality 
represents an original contact between the ESS and the 
Dalradiafl*AS the structural correlations (see above) suggest 
that the contact is post Dalradian RD3 but pre RD4 the effects 
of the rotation around the HBD must be considered. An 
analysis of the cooling histories of the rocks along a 
transect through Glen Lethnot (Dempster 1983) indicates that 
the belt of steep dipping rocks that lie to the south of the 
HBD were rotated into their present position from an 
essentially flat lying attitude. Thus it would appear that 
prior to Dairadian RN the contact between the 1135 and the 
Dalradian was essentially a flat lying surface and not the 
steep dipping fault we seen today. K 
Henderson and Robertson (1982) point out that 'many 
Highland Border rudites contain rounded water-worn clasts' 
that appear to have been derived; at least in part, from the 
BBS itself; suggesting that 'the ophiolite (113$) was emplaced 
with a free upper surface rather than buried within an 
accretionary complex". Although no such rudites have been 
found within the present field area; with the possible 
exception of the Greenstone Conglomerate of Glen En, which 
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predates Has Dl and thus would have to have been developed 
early in the emplacement of the HBS, it is suggested, along 
the. lines of Henderson & Robertson (1982); that the HBS was 
obducted onto the Dalradian. Further, as the HBS does not 
crop out within the Dalradian, being restricted to the HBF 
zone ;  and is younger than the Dalradian primary deformation 
(see below); it is suggested that this obduction must have 
been from the south. 
a 
8:2 Ages of the UBS IS bIlrIdian and cons t raints on the timing of 
processes that have affected them 
Fossiliferous material within the HBS or adjacent 
Dalradian is relatively rare; though there have been a small 
number of palaeontological studies on these rocks. The Leny 
Limestone of the Callander district is generally regarded; on 
structural grounds; to be part of the Upper Dalradian 
succession (Anderson 1947; Harris 1969). A relatively 
undérformed inarticulate brachiopod and trilobite faunal 
assemblage which has been obtained from this limestone has 
been firmly correlated with American faunas from the uppermost 
Lower Cambrian circa 550 Ma (Stubblefield 1965; Cowie et 
al. 1972). 
A sparse fauna; containing inarticulate brachiopods, has 
been obtained from-the shales and cherts associated with the 
basic lavas at the HaS outcrop near Stonehaven (Campbell 1913; 
Jehu & Campbell 1917). It was originally thought that this 
fauna is distinctly Arenig but a reassessment (Sunun Prog. 
Geol. Bury. GB 1963; p51; 57) asserted that it is indicative 
only of a Lower Paleozoic age. 
Analysis of achritach evidence (Downie et. al. 1971) from 
- various parts of the HaS suggested an age range from Tremadoc 
to Llanvirn. Curry et. al. (1982) have obtained a conclusive 
Arenig age from the Doonans Limestone of the HBS and their 
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re-examination of an old collection of 	inarticulate 
brachiopods from cherts near Aberfoyle has confirmed the 
presence of Lower to Middle Ordoician species. 
8:3 A Model for the Evolution of the RBS in a Caledonide Context 
The existing models of the evolution of the Scottish 
Caledonides ; of which the historically influential are Dewey 
(1969; 1971); Phillips et. al (1976), Lambert & McKerrow 
(1976); Van Breeman & Bluck (1981) and Henderson & Robertson 
(1982); have all _  proved to be unsatisfactory in some aspects. 
In particular with their views on the origins and emplacement 
of the HBS and on the general timing of the various elements 
and events that comprised the orogeny. They have in many 
cases been overtaken by more up to date information. A more 
up to date model is outlined below. This model is intended to 
deal with the evolution of the HBS and incorporates elements 
from various existing models (op cit.). It is shown in 
cartoon style in Figure 8:1. 
I 	 '1 A basic tendnt of the model is that the spadaal 
relationship between the principl&, structural blocks of 
Scotland (see Figure 8:2); as seen today; reflect the pattern 
that existed throughout the Caledonian orogeny. That is the 
Dalradian Basin was close to the northern edge of the Iapetus 
ocean but separated from it by the Midland Valley and the 
Southern Uplands. In this context it is suggested that events 
which affected the Iapetus, such as its subduction, may have 
directly influenced the evolution of both the HBS and the 
Dalradian. 
It is accepted.,—as, has been pointed out by a number of 
workers (Dewey 1982; Yardley et. al. 1982); that many terrains 
which are broadly similar to the Scottish Caledonides contain 
large transcurrent fault systems; and that to ignore such 
possible movements when developing a model is n 'faive. Johnson 
(1977) described a large scale Reidal Fault system; indicating 
4>" 
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Figure 8:la 
A model for the evolution of the Caledonian orogen, with particular 
reference to the development of the 1-lBS complex. 
A 	r 500 Mya 	initiation of the Iapetus ocean 
Extrusion of the Tayvollich tovos at the base of the SHO may 
relate to the initiation of the Iapetus ocean. 	The Killiecranklé 
Schists and Farrogon beds may precurse this event. 	 . 
Uplift of a block of continental material along the northern 






B 	530-1.90 	Begining of lapetus subduction - 	Dotradion Iapetus ocear 
primary 	deformatioriL  
Iapetus reaches maximum extension at the top of the Cambrian loos 
after which it begins to close by subduction to N & S. 	The 
subduction may have produced the forces Lousing 	Dalrodion  
primary deformation Dl - D3 and regional metamorphism. P, 
granite 
C 	1.90- L60. 	Development of the HBS in a back-arc basin diapires 
Margie series 
Development of a volcanic arc above the subsiding plate and 
formation of a back-arc basin (HBS) 	between the Midland volley 
and 	Dalradiari 
Erosion of the MV and Gal 	cratons 	into the 	basin 	to form 
the imature 	sialic sediments 	of the Margie series. 
Figure 8: lb 
A model for the evolution of the Caledonian orogen. 
D 	450- 450 Closure of bock arc basin and emplacement 
of the H BS 
N 	 S 
Closure of the back arc basin with rrulliple deformation of 
the HBS. Thrusting of HBS across Dalrodion harming the line 











The continued development of the D4 Downbend results 161 in the rotation of the HBF into its' present position. 
D4 deformation common to both Dalradian and HBF granite 
diapires 
F 	440- Devonion 	Erosion of HBS and Dolrodion into 
0 
•0 




Northern margin of the Midland Valley formed 	by a Downbend 
step-like series of faults. 
Erosion of HBS and Dolradion to form port of the 
Devonian sequence, occasionally overlapping HBS. 














The major structural units of Scotland. 
sinistral displacement; associated with the Great Glen Fault. 
Nevertheless it is considered that speculations about major 
transcurrent movements along the HBF and Southern Upland Fault 
(SUP) systems; whilst serving as a useful cautionary note 
have, as yet; little supporting evidence and to incorporate 
them into a model at the present time is unnecessarily 
expedient. 
8:3a Circa 600 Mya - The Initiation of the iaTpetüs - 
As was discussed in chapter 6 it is thought that the 
Dairadian was deposited in an ensialic basin (Phillips et. al. 
1976; Harris et. al. 1978; Anderton 1982); The main evidence 
supporting this arguement is the southerly derivation of the 
Southern Highland Group sediments (Phillips et. al. 1976; 
Anderton 1982) which requires; at least during the deposition 
of the Upper Dalradian ; an uplifted block of continental 
material forming the southern margin of the basin. 
Geophysical evidence (Powell 1971; Bamford et. al. 1978) and 
xenoliths in carboniferous vents (Graham & Upton 1978) 
indicate that; at least as far south as the Southern Uplands 
Fault; the basement is sialic. There is no evidence to 
support a basaltic (ocean floor derived) root below any part 
of the Dairadian ; as is required by the Dewey (1969; 1971) 
models; which show the Dalradian succession as a continental 
rise prism developing out into the Iapetus ocean. During the 
deposition of the Argyll Group the Dalradian basin apparently 
became increasingly tectonically unstable (Anderton 1982) 
culminating in the extrusion; at the'top of the group; of the 
Tayvallich- Lavas. These lavas have chemistries that are 
indicative of incipient rifting (Graham. & Bradbury 1981); 
Although there is little evidence as to the timing of the 
initiation of the Iapetus ocean it is suggested (Phillips et. 
al. 1976; Anderton 1982) that the rifting was synchronous with 
the extrusion of the Tayvallich Lavas. This is contrary to 
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the veiws expressed by Dewey (1969; 1971), Stewart (1975) and 
Wright (1976)- who suggest that the Iäpetus was in existence 
before the initiation of Dalradian deposition. 
8:3b 530 - 490 Mya - The Primary (Dl - D3) DalradiaflDeforlflatiofl 
and the beginning of lapetus Subduction, 
The peak of the Dalradian metamorphism, which was broadly 
between the D2 and D3 events (Fettes 1982); occured around 510 
Mya(Pankhurst & Pidgeon 1976; Bradbury 1976: Fettes 1982). 
It is therefore, suggested that the primary Dairadian 
deformation; which may have begun as early as 530 Mya ; and the 
metamorphism were complete by 500 Mya. 
The distinction between the faunal communities on 
opposite shores of the Iapetus (Girvan - Lake District) are at 
their most pronounced at the time of the Cambro-Ordivician 
boundary (Wilson 1966). This suggests that the Iapetus 
reached its maximum extent at this time and that subduction ; 
which may have been going on for some time, was more 
influential than ridge spreading. Certainly by the Carradóc 
onwards the faunal provincialisms dwindle (Cocks & Fortney 
1982), indicating a narrowing ocean. 
The provincialism of the Lower Oridvician graptolites 
between the Lake District and Girvan (Wilson 1966) requires 
the Iapetus suture to be located between these localities. 
Since the recognition of the Southern Uplands as an 
accretionary wedge of ocean floor sediments, stacked against 
or onto the foreland of an subduction zone (Mitchell & 
McKerrow 1975); there has been a general concensus ; followed 
in this model; that the suture runs along the line of the 
Solway Firth. The geochemistry of Middle Ordivician volcanics 
(Fitton & Hughes 1970) suggests that a subduction zone dipped 
to the south under northern England. The evidence of the 
accretionary wedge of . the Southern Uplands led Mitchell & 
McKerrow (1975) to suggest a NW dipping subduction zone under 
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the Southern Uplands and the Midland Valley. 	It appears 
(Phillips et. al. 1976) that the Iapetus was being subducted 
along both its northern and southern margins. The two zones 
eventually colliding and merging to form a suture along the 
Solway Firth. 
As subduction was occuring under, or at least in the 
direction of; the Dalradian at the time of its primary 
deformation and metamorphism it is suggested that the two 
processes may be linked. This is similar to the proposals of 
some of the earlier models (op. cit.) but it is important to 
note that; as is discussed below ; the EBS is too young to have 
been involved in these events. 
8:3c 490-410 Má Development of the EBS in a Back Arc Basin 
The structural analysis of the EBS and the adjacent 
Dalradian in Glen Esk (Chapter 7 and see above) indicates that 
the two were not juxtaposed until after the Dairadian RD3 
event and that the development of the HBS influenced the 
geometrical orientation of the HaS. 
As is discussed above (8:2) the 
suggests that the 1185, which has op 
(Henderson & Robertson 1982), was formed 
though it is possible; given the 
palaentological evidence; that there 
unrecognised ; younger or older elements. 
available evidence 
iolitic affinities 
during the Arenig; 
scarcity of the 
may be, as yet 
Although there has been marked retrogressive alteration, 
most of the volcanics in the jiBS have chemistries akin to 
modern day ocean floor basalts (Henderson & Robertson. 1982). 
Some of the lavas in the western outcrops have alkali 
affinities and may have been formed in extensional or ocean 
island environments (op. cit.). - 
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It is suggested, along the lines of Van Breeman & Bluck 
(1981) that the UBS formed in a back arc basin, between the 
Midland Valley and the Dal±adian, related to the ongoing 
subduction of the Iapetus. The only major feature of an 
ophiolitic complex that is not found within the HBS is a 
sheeted dyke swarm. Henderson & Robertson (1982) suggest that 
this may be due to the poor exposure or alternatively, that 
the HBS basin was narrow and spread in so irregular a fashion 
- that such dykes were not developed. It is apparent that there - 
is a preponderance of extrusives and sediments within the HBS 
and a pauity of plutonics; possibly indicating that the 	k 
tectonic processes that emplaced the lIES 'preferentially 
sampled the upper layers of the ocean basin. 	- 
The Margie Series forms separate tectonic slices from the 
.JGS and there are no sialic, clastic sediments associated with 
the basic igneous lithologies. These igneous rocks and their 
related shaley sediments must have been deposited away from 
the continental margins to the oceanic basin or were in some 
way protected from the influx of sialic sediments that would 
have been eroding from the margins into the basin. - 
The presence of radiolarian cherts, the general dominance 
of black over red cherts and the presence of sulphide rich 
black shales, indicate that much of the ocean 'floor that is 
now preserved was affected by oxygen deficient, reducing 
environments. 
With its immature grits ; pelites and derived limestones 
the Margie Series forms the remnants of fairly proximal 
turbiditic fan deposits; which derived its sediments from 
continental sialic material which was possibly, given the 
presence of blue quartz, of high metamorphic grade. 
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8:3d 470 - 450 - The Closure of the Back ' Arc Basin and the 
Emplacement of the HAS - 
As suggested above (8:1) the BBS and the Dairadian were 
both affected by the BBD. Dempster (1983) has shown that the 
BBD developed over approximately 20 My beginning around 460 
Mya. The clodsre of the back arc basin and the emplacement of 
the BBS must have occurred some time during the Liandeilo. 
It is suggested that, during the Lländeilo, the BBS was 
obducted over the Dairadian as the BBS basin closed (section 
8:1). This is contrary to the view of Van Breexnan & Bluck 
(1981) who suggest that the BBS was underthrust into its 
present position. During obduction it might be expected; as 
the goelogy indicates (8:1); that the BBS would become 
deformed and imbrecciated by thrusting. 
8:3e 466 - 440 Mya - Devélopment of the tighJind Bor4er bdibbàrd 
Dempster (1983) has shown that the BBS developed by the 
uplift of what is now the flat belt (see Chapter 4) and the 
rotation of the rocks between the BBD and the HBF. into their 
present steep dipping orientation. As the Dalradian and the 
BBS were juxtaposed at this time the BBS. would have also been 
rotated from a flat lying orientation, and the HBF which was a 
thrust surface; was transformed into a fault. 
8:3f 440 Mya The Erosion of the Dalradiän and 1S 
With the continued uplift of the Highlands the Dalradian 
and BBS were eroded into the actively subsiding Midland Valley 
graben (Kennedy 1858; George 1960); to form part of the 
Devonian clastic sequence. Thp Devonian overlapped the BBF 
and still obscures it today; in dome places. 
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